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Abstract
Post-tensioned (PT) bridges have had severe corrosion issues with tendons that fail
suddenly without prior notice. The corrosion of external post-tensioned tendons has been
associated with grout deficiencies/anomalies from inadequate grouting. Deficiencies include
voids, regions of chalky low strength grout, and regions where excessive water content or even
free water is present. In those zones mechanical bonding of strand to the grout is degraded and,
of more concern, the strand steel risks corrosion failure reducing the expected lifespan of the
structure. As tendons are critical structural components, it is important to detect those
deficiencies during inspection preferably by a cross section imaging method that can be readily
deployed. Thus the method should be non-destructive, rapid, economical, easy to replicate, with
a small and safe device not requiring specialized operator training. To that end, here a magnetic
sensing approach to image the position of the steel strand bundle is combined with an electric
impedance method to evaluate the condition of the grout space. Both are embodied in a device
that images the tendon’s cross section. The magnetic sensor travels around the circumference of
the tendon and measures the force of attraction to the steel strands, from which an image of the
strand pattern inside the tendon is created. Simultaneously, a traveling plate rotates around the
tendon and variations of the electric impedance between plate and strands identify grout
deficiencies. The impedance and strand position data create a complete color-coded image of the
tendon cross section flagging grout deficiencies. This dissertation details the relevant prior
technical literature, and presents calculations, modeling and experiments to develop and validate

ix

the magnetic and impedance components of the method. The work culminates with the
integration of both techniques in a working prototype and its performance evaluation as well as
confirming comparison with the results of independent Gamma Ray Tomography tests
performed on a reference group of test specimens.

x

CHAPTER 1:

Chapter 1: Introduction
Chapter 1: Introduction

1.1 Problem Statement and Research Significance
Bridges are essential to the worldwide infrastructure. Segmental, post-tensioned (PT)
bridges are economically attractive and make up a growing part of the bridge population (Figg
and Pate 2004). This class of bridges is made up of smaller reinforced concrete segments (boxes)
that are joined together to form longer spans. The segments, hollow in the inner portion, can be
cast-in-place or precast elsewhere and transported to the site, resulting in ease of assembly in
construction sites with restricted access. The segments of these bridges are held together
longitudinally by PT tendons that compress the segments together. These tendons resist much of
the structural load of the bridge (Hurlebaus et al. 2016), but within a span are relatively few in
number making them critical structural elements so preserving their integrity is essential.
PT tendons can be either internal, completely embedded in concrete, or external with
portions not embedded and thus easily accessible for inspection in the inner hollow part of the
boxes (Figure 1.1). Many external PT tendons consist of three components, a polymer duct on
the outside, high strength steel strands inside to carry the load, and cementitious grout cast to fill
the remaining space inside the duct and protect the steel strands from corrosion. The tendon duct
(Figure 1.1) is typically made of High-Density Polyethylene (HDPE). The strands often consist
of 7 individual wires of high strength steel Grade 1860 MPa (270 ksi), low relaxation,
conforming to ASTM A416 (ASTM 2018). The grout is a hydrated cementitious powder often
formulated for low bleed water formation. Bleed water is free water present in the mix that may
move upward due to the settlement of heavier particles or due to insufficient mixing.
1

External Tendons

Figure 1.1 Typical external PT tendon ducts inside John Ringling Causeway Bridge,
Sarasota, FL (left, photo taken by H. Freij) and typical cross-section of tendon (right).

Inadequate grouting has been found to be associated with corrosion of post tensioning
steel in grouted tendons used in bridges, as documented in various notable cases over the last 2
decades (Sagüés 2006; Powers 1999; Corven 2001; FDOT 2002; Wang and Sagüés 2005; Trejo
et al. 2009, Hansen 2007; Lau and Lasa 2016; Lau et al. 2013a). Local grouting deficiencies
include voids where bleed water existed and was later reabsorbed elsewhere or evaporated,
regions of chalky low strength grout, and regions where excessive water content or even free
water is present. In those zones mechanical bonding of strand to the grout is degraded and, more
of concern, the strand steel risks corrosion failure. Given these severe consequences, reliable
non-destructive testing (NDT) detection of grout anomalies is needed as part of any approach to
ensure long term integrity of PT bridges.
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Various non-destructive methods for detection of grout deficiencies in tendons have been
the subject of recent and ongoing investigations (Azizinamini and Gull 2012a, 2012b; Im et al.
2010; Im and Hurlebaus 2012; Iyer et al. 2002; Krause et al. 2008; Milovanovic and Pecur 2016;
Pollock et al. 2008; Hallaji et al. 2014; Elsener and Buchler 2011; Marashdeh et al. 2016;
Mariscotti et al. 2008, 2009, 2014; Hurlebaus et al. 2016; Liu et al 2001; Taveira et al. 2007,
2008; Alexander et al. 2014; Orazem et al. 2017; Vedova et al. 2004; Cercone et al. 2015).
Among those, methods that could produce a cross section image of the tendon, identifying grout
deficiencies in the context of the distribution of the steel strand within the tendon duct are
particularly desirable. However, such methods tend to be expensive to implement and slow to
operate, as well as require health risk management due to the use of penetrating radiation,
resulting in limited deployment. Therefore, a strong motivation exists for developing a nondestructive, rapid, inexpensive, and safe imaging method to detect grout deficiencies and such is
the objective of the present work.
Because of accessibility, inspection methods are always easier to develop for external
than for internal tendons. Thus, much NDT research including the present work has addressed
detecting grout deficiencies in external tendons, at least as a first step. Moreover, external
tendons represent a substantial portion of the PT inventory. For example, in the state of Florida
alone, the Florida Department of Transportation (FDOT) is reported to have at present 84
segmental bridges, 24 of which have external tendons (normally with a polymer duct) with a
total length of ~1.1 million ft (Simmons 2019). It should be noted as well that the corrosion
instances noted were usually observed in external tendons, albeit that this may in part reflect that
signs of severe distress are easier to recognize for those tendons than for the embedded internal
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type. Nevertheless, external tendons represent an important imaging target given their large
population in PT bridges and were selected as the focus of the present work.
A recently introduced imaging concept for external tendons (Sagüés 2017; Sagüés et al.
2019) holds promise to achieve the rapid, economical, and non-destructive goals noted earlier.
The concept combines simultaneous determination of strand position and grout condition by
magnetic and impedance measurements. This dissertation addresses the principles and technical
challenges of implementing that concept, developed understanding of its technical operation and
applicability, and created a working prototype.
1.2 Research Objective
The objective of the investigation was to obtain technical understanding and apply basic
principles to implement a tendon imaging method of the cross-section of external post-tensioned
tendons, for grout anomaly detection. This novel, rapid and economical technology is based on
simultaneous determination of strand position and grout condition by magnetic and impedance
measurements.
1.3 Research Approach
The proposed research used an established magnetic method (Sagüés 2017) for strand
position determination. A literature review was performed to determine a suitable companion
method appropriate for simultaneous grout assessment the chosen method was electrical
impedance. This was followed by embodiment of the magnetic imaging concept by the design,
construction and operation of a prototype to image the steel strand placement within a tendon
cross section. Next experiments, predictive physical modeling simulations, and evaluations of
impedance measurements of tendons were conducted to establish the ability to detect and assess
grout anomalies in the part of the tendon cross section not occupied by strands. Last, strand
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image and impedance data were integrated into a working prototype to create an image of the
cross section where grout anomalies are revealed. The result was a Tendon Imaging Unit (TIU),
a term that will be used in the following to designate as well, the methodology developed in this
investigation.
Those steps correspond to the following dissertation Chapters:


Chapter 2: Literature Review.
Previous work on tendon non-destructive testing methods and current status are
considered. The review seeks to identify and select an appropriate grout assessment
technology that best fits the objectives to complement strand position information in the
tendon imaging method.



Chapter 3: Steel Strand Envelope Detection Using a Magnetic Imaging Prototype.
This chapter includes the development of a strand position finding approach based on a
magnetic method that records the force of attraction between the streel strands and a
magnet that goes around the tendon duct. This is one of the two basic components of the
TIU. Details are given of the design, construction and operation of a strand imaging
prototype, and the development and use of an appropriate deconvolution computerized
method for recovery of strand positions from laboratory prototype data.



Chapter 4: Grout Anomaly Detection Using an Impedance Sensor.
This chapter addresses measuring the impedance between a traveling external metal plate
and the steel strands inside the tendon cross-section, allowing the detection of grout
anomalies of interest (e.g. voids, low density, and excessive water). This is the other
basic component of the TIU. Experiments were performed on laboratory cast tendons
with various grout conditions, to establish key performance aspects of the impedance
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method including ability to detect air filled grout voids, or voids filled with unhydrated
grout, water or other conductive fill. A finite element computational approach was used
for predicting behavior under additional conditions that were not assessed
experimentally, including a variety of void shapes, impact of external plate configuration,
and detection sensitivity based on operating frequency.


Chapter 5: Integrated Magnetic- and Impedance-Sensing Tendon Imaging Unit.
In this chapter the outcomes of Chapter 3 and 4 were implemented in a laboratory
prototype that joins in a single unit the magnetic sensor, and the impedance sensor. This
TIU embodiment created a tendon cross section image revealing the location of the steel
strand envelope and grout deficiencies if present. The performance of the TIU was
evaluated and further understood by laboratory experiments with tendon cross sections
with known simulated grout deficiencies. Additional evaluations included validation
against a penetrating radiation method (Gamma Ray Tomography, GRT), consideration
of the model findings from the previous chapter, and of the results from field
demonstrations from a related project.
A summary of findings of this investigation and of future research recommendations is

presented in Chapter 6.

6

Chapter 2: Literature Review
Chapter 2: Literature Review

CHAPTER 2:

2.1 Previous Work
While the main objective of this investigation was the development of a tendon imaging
method, for completeness this review includes as well general techniques for nondestructive
examination of PT tendons. Some recent excellent reviews of tendon non-destructive testing
(NDT) methods are available, exemplified by work of Azizinamini and Gull (2012a, 2012b), and
others (Cercone et al. 2015). Azizinamini and Gull (2012a, 2012b) classify the methods in the
following categories, which serve as a convenient roadmap to discuss the material relevant to the
present review:


Visual



Magnetic



Mechanical wave/vibration



Electromagnetic wave



Electrochemical



Penetrating radiation
Comparable recent survey information of several of those methods can be found for

example in work by Im et al. (2010), Im and Hurlebaus (2012) and Iyer et al. (2002).
Investigating each of the different imaging techniques and choosing which is best among them to
detect the grout anomalies.
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2.1.1 Visual
Visual methods are usually standard examination procedures either by direct inspection
or aided by video cameras (including robotic and remote manipulation) which should for the
external tendon duct surface normally precede any internal tendon imaging examination
(Azizinamini and Gull 2012a) Internal examination of the tendon at accessible points such as in
borescope viewing at anchorages are likewise well established, however intrusive. These visual
methods will not be further assessed here due to the limited information they provide.
2.1.2 Magnetic
Magnetic methods have traditionally been associated with the detection of corroded
strand portions where the metallic state of the strand has been converted into an oxide with
usually lower magnetic permeability. This gives rise to irregularities in the magnetic field as an
exciting coil passes over that part of the tendon (magnetic flux leakage method), or to
irregularities in the residual magnetic field of a previously magnetized strand assembly, or
similar variations thereof (Corven 2001; Fernandes et al. 2012). While these methods could
conceivably be further developed to eventually construct an image of the tendon interior
including grout condition, such progress does not appear to be a likely occurrence in the near
future. This is especially so, as the magnetic response of the grout itself, which has magnetic
susceptibility that is orders of magnitude smaller than that of the steel (Presuel-Moreno and
Sagüés 2009), is likely to be overwhelmed by the presence of the latter. This issue is revisited, in
another context, in Chapter 3 of this dissertation.
Magnetic strand corrosion detection methods should not be confused with the magnetic
strand location method developed under this investigation. The latter is not optimized for or
easily capable of detecting small strand irregularities; it simply finds strand location under the
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assumption that much of the metal is not heavily corroded. Conceivably however, if there is a
segment of the tendon where some of the strands have suffered extensive section loss, with
associated loss of attractive force compared with zones on either side of the affected zone, the
magnetic location method might provide an additional indication of anomalous behavior by
comparison with the strand location image of the adjacent tendon zones.
2.1.3 Mechanical Wave/Vibration
Mechanical wave and vibration methods can be divided into large scale whole-tendon
segment methods and detailed local methods. The first are illustrated by full scale tendon
vibration procedures such as those developed by Sagüés et al. (2006, 2008). In those techniques,
the entire free length of an external tendon segment is made or allowed to vibrate, and the
vibration spectrum is analyzed to determine natural modes, and from those the state of tension of
the tendon can be inferred. Comparison of the tension of segments on either side of a deviation
block, or with a group of comparison peer tendons, can easily reveal deficient tendon segments
where the tension is significantly lower than elsewhere, thus flagging those segments for detailed
examination including imaging techniques such as those concerned in this investigation.
Detailed local mechanical examination methods use mechanical waves, ranging from
simple manual hammer tapping on the external duct surface to reveal audible indications of voids
or other local deficiencies, to more sophisticated impact-echo spectral analysis of the local
tendon response to controlled small impacts, to ultrasonic imaging using multiple sensors and
excitation point arrays. The impact-echo method has high chances of success in detecting defects
in concrete (Carino et al. 1992; Celaya et al. 2007; RILEM 2012; Sansalone and Carino 1989;
Shokoihi et al. 2006; Shokoihi and Gucunski 2007; Shokoihi 2009; Tinkey and Olsen 2008).
These techniques have been described already in work by Azizinamini and Gull (2012a) and in
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other surveys (Im et al. 2010; Im and Hurlebaus 2012) and specialized studies (Liu et al. 2001)
so reference is made to those sources for details. Application of those methods specifically for
imaging of the cross section of the tendon has been explored to some extent. Work by Baltazar et
al. (2010), Branham et al. (2006), and Chaki and Bourse (2009) exhibited promising results for
detecting defects in cable structures. Work by Liu et al. (2010), and Rizzo et al. (2007) used
ultrasonic imaging with magnetostrictive transducers applied to assess strand defects in tendon.
Earlier work by Iyer et al. (2002) with ultrasonic C-scan imaging showed promising results with
simplified mockups, and a more extensive 2008 investigation by Krause et al. (2008) using
ultrasonic echo and specialized processing was able to provide glimpses of the tendon interior
even for tendons embedded in concrete, with independent validation from gamma ray imaging.
These results were encouraging but still limited, and upon further examination preference was
given to the magnetic-impedance combination detailed later.
As noted by Azizinamini and Gull (2012a) and elsewhere, ultrasonic methods have also
been used in attempts to detect corroded locations on individual wires of strands with ends that
are accessible at the anchorage, and acoustic emission is also used for detection of strand
breakage events. Those two methods however are of limited application for imaging applications
of the type addressed by this dissertation and are mentioned here mainly for completeness.
2.1.4 Electromagnetic Wave
This broad category includes thermal detection methods as well as those based on
dielectric behavior measurements and radar/microwave examinations.
For thermal methods, a very recent review by Milovanovic and Pecur (2016), examines
infrared (IR) thermography for detection and assessment of defects in reinforced concrete,
specifically for active IR thermography where the component to be assessed is subject to a
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momentary thermal load and the subsequently evolving surface temperature map is analyzed to
recover the features hidden underneath. Mehrabi (2006) uses IR for detection of stray cable grout
and cover anomalies in laboratory tests, that can be implemented in the field. IR can also identify
sheathing splits hidden under the protective tape in the duct polymer as seen by the work of
Tabatabai (2005), and Telang et al. (2004) showing another advantage of the use of IR.
Application of infrared thermography to detect grouting defects in tendons has been examined in
some detail by Pollock et al. (2008) for the challenging case of embedded internal tendons,
where detection of grouting voids was reasonably successful for tendons embedded under
relatively low concrete covers. The technique appears to be highly promising for application in
this project using a traveling thermal excitation source along the exterior of the tendon, as prior
knowledge of strand position (enabled by the outcome of this investigation) in the external
tendons of concern would significantly reduce uncertainty in the interpretation of the results. The
method would thus have potential to distinguish between a sound location, a void, or
intermediate conditions of grout deficiency. The review in Milovanovic and Pecur (2016) notes
the recent development of sophisticated data processing techniques for analysis of the thermal
surface data, and application of such data processing methods was given consideration as well
but eventually not chosen.
Methods involving electromagnetic measurements associated with determination of
dielectric and ionic conductive behavior of the interior of the tendon are among the most
encouraging for application in the present project. In its simplest form the measurements could
be conducted with a traveling external electrode (or array thereof) on the external surface of the
concrete, and determination of the (mostly dielectric) impedance between that electrode and the
(usually grounded) strand assembly would be obtained. The admittance would be obtained over a
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wide range of frequencies using methods and equipment easily adaptable from electrochemical
impedance spectroscopy (EIS) methodology, thus allowing, in the absence of voids, to
differentiate between the otherwise dominant capacitive contribution of the polymeric duct and
that of the smaller amount associated with the grout itself and its sound or deficient condition.
Differentiation would be more straightforward when attempting to detect voids given their much
greater associated impedance. In all cases, the knowledge of the strand position and associated
distance between inside of duct and strand surface using the method developed here was
expected to significantly reduce uncertainty in the interpretation of the data. Exploration of the
use of dielectric/ionic response measurements benefits instead of will benefit from extensive
literature on the impedance behavior of cementitious materials (Cabeza et al. 2006),
developments in impedance tomography of concrete (Hallaji et al. 2014), capacitance
measurements to ascertain degree of insulation in European tendon isolation practice (Elsener
and Büchler 2011), numerous preexisting treatments of relevant capacitive and impedance
tomography (e.g., Hallaji et al 2014; Lampinen et al. 1999; Grove et al. 2005; Yang 1997, 2010;
Ru et al. 2011; Dughaish 2013), and increasing interest in the development of traveling sensors
for tendons (Marashdeh et al. 2017. Variations of this approach exist, and some are already in
use (Marashdeh et al. 2017; Li et al. 2016; Schorn 2018). Other methodologies and techniques of
electromagnetic methods include corrosion assessment of the steel strands within the tendon
(Alexander et al. 2014; Alexander and Orazem 2019a, 2019b), which can be used as an indirect
indication that an anomaly or grout deficiency of some sort exists. Consequently, an impedance
based method was chosen for implementation in the grout sensing part of the TIU developed
under this dissertation.
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Ground Penetrating Radar (GPR) /microwave examination methods have been in
extensive use for assessment of reinforced concrete (Milovanovic and Pecur 2016) and to some
extent for detection of tendon positions and internal deficiencies in internal tendons (Pollock et
al. 2008). For the imaging application in this investigation GPR-related methods were given
some consideration, but effectiveness, cost, and reliability of this methodology led to decide in
favor of an impedance-based method.
2.1.5 Electrochemical
In a limited context, electrochemical methods involve assessment of the interface
between the strand surface and the surrounding grout. That can be done by measurement of the
potential across that interface with or without an intentional disturbance. The first (no
disturbance) consists usually of observational half-cell potential or electrochemical noise
measurements, which are normally made necessitating contact of an electrode with the grout,
following well-established procedures as shown by Taveira et al. (2007a, 2007b, 2008). The
second (intentional disturbance) involves excitation of the interface by means of a transient
current as in conventional polarization resistance or EIS measurements (Taveira et al. 2007a,
2008) which can yield information on the rate of corrosion of the steel. However, conventional
application of those methods requires either access to (or usual limitation of information to) the
anchorage region of the tendon, or breaches of the polymer duct wall to allow for electrodes to
be inserted in contact with the grout of the tendon. Hence applicability to the fast imaging
outcome sought in this project does not appear to be straightforward.
It might be worthwhile, however, to examine in the future the possibility of conducting
Kelvin Probe (KP) (Klien et al. 2003; Sagüés and Walsh 2012) measurements of the potential
present just outside the polymer duct surface. Those measurements are contactless to that surface
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(a grounding wire is needed to connect to the strand bundle, but that would present no practical
limitation) and could in principle provide an indication of the steel-grout interface potential in
the manner of evaluations used to detect undercoating corrosion in coated steel corrosion. In
principle, a macroscopic KP running sensor of the type recently developed by Sagüés and Walsh
(2012) for reinforced concrete could be adapted to sample the external surface of the tendon
duct, indicating corrosion potential and hence giving information as a function of position along
the tendon length on whether the embedded strand is experiencing corrosion. The sensor uses a
vibrating disk placed on close proximity but not touching the external duct surface and can be
fabricated using available technology (Sagüés and Walsh 2012). However, that application
would involve the challenge of thoroughly neutralizing static electric charges on the duct surface,
a task for which feasibility has not yet been demonstrated.
2.1.6 Penetrating Radiation
The main techniques under this classification are traditional X-Ray radiography (and
associated X-Ray computerized tomography) and Gamma Ray radiography/tomography. The
former has been well established and can produce usable images of the tendon cross section [Im
2010] but is outside the scope of the present investigation because of the expected associated
cost, potentially slow implementation, and limited ease of implementation. Gamma ray methods
have been less widely implemented than X-Ray methods but have shown greater potential for
accurate and sensitive imaging of post tensioned tendons (Krause et al. 2008; Mariscotti et al.
2008, 2009, 2014). Due to its cost and complexity, Gamma ray inspection falls likewise outside
of the scope of this work, but because of its desirable features it has been nevertheless selected
for conducting limited validation tests as described in Appendix C.
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2.2 Summary
From the above review, electromagnetic wave coupling methods that measure the
impedance between an external plate and the steel strand envelope within were deemed to have
the most prospects for success and were selected for implementation in this project. The
selection was made in the context of supplementing the magnetic strand position imaging
methodology. This coupled technology approach to simultaneously identify the location of the
steel strands and assess the integrity of the grout in the various parts of the tendon cross section
is developed in the following sections.
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Chapter 3: Steel Strand Envelope Detection Using a Magnetic Imaging Prototype
Chapter 3: Steel Strand Envelope Detection Using a Magnetic Imaging Prototype

CHAPTER 3:

3.1 Introduction
The first thrust in developing a TIU was to create a means of determining the position of
the strand envelope within the cross section of the tendon. The TIU incorporates the shape and
position of that envelope as part of the cross-section display, providing context for the
significance of the measured impedance output in assessing grout condition.
Consideration of the various methodologies in the technical literature showed that a
magnetic strand position detection method would have the greatest chances of success for a rapid
and economical approach. A basic concept was created (Sagüés 2017) consisting of a magnet
attached to a force measuring transducer assembly that rotates around the tendon recording the
force of attraction between the magnet and the steel strands. A device and data processing
method was designed for that purpose and it is described here.
If the grout exhibits considerable magnetic susceptibility (χ ) (Presuel-Moreno and
Sagüés 2009), it will create a small but noticeable increase in the force acting on the magnet.
Thus, the strand envelope position will appear to be closer to the magnet than it actually is. The
relative effect increases with the amount of intervening grout and its magnetic susceptibility.
This source of error has been known to affect the readings of magnetic reinforcing bar locators
(Andrade et al. 1992). Knowledge of the extent of the effect and its dependence on geometric
arrangement and grout magnetic susceptibility is used to develop a correction procedure for a
more accurate determination of the strand envelope, described as well in the following.
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3.2 Methodology
3.2.1 Sensing Approach
The strand position sensor has one or more magnets fitted with a transducer that measures
the attractive force between the magnet and the strands, as illustrated in Figure 3.1 (Sagüés
2017). The sensor is placed in a ring that is made to hug the perimeter of the tendon duct. The
ring attached to the sensor is rotated successively so that it covers the entire perimeter of the duct
at a given location on the duct longitudinal coordinate. The force and angular position as a
function of time are collected and mathematically deconvoluted for sensor delay effects. From
the deconvoluted force-angle vector values, and from knowledge of the strand size, number of
strands, and duct wall thickness, an indication of the strand envelope is obtained. Magnetic grout
effects are corrected as needed. The imaging unit is then displaced successively along various
longitudinal positions thus sampling the entire tendon length or selected parts of it.

Figure 3.1 Schematic prototype configuration based on Sagüés (2017).
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3.2.2 Sensing System Design
A laboratory prototype sensor was built per Figure 3.1, and used for a main set of
experiments (see next section). The outer ring was a ~150 mm inner diameter, 8 mm wall
thickness Plexiglas® tube section ~50 mm long. Two subassemblies, 180 o apart, each had a
magnet held with its face at constant distance h~2 mm from the external surface of the duct by a
wheeled carriage held in contact against the duct perimeter by studs and springs. For a given
longitudinal position along the tendon, the magnet carriage may be moved tangentially following
any irregularities in the roundness of the duct, while maintaining a fixed azimuth position with
respect to the main sensor ring that rotates around the tendon and causes the carriages to rotate
with the ring. The ring was rotated around the tendon by ½ turn such that the footprint of the
magnets covered each one half of tendon perimeter, thus covering the equivalent of one entire
rotation around the tendon duct perimeter. Reverse rotations were carried in some of the tests to
check consistency of results. The rotations were performed manually but motorized operation
can be readily implemented with ordinary resources. The magnets were ceramic disks of
diameter m= 19 mm, thickness w= 5 mm and with a magnetic moment in the order of 0.34 Am2. The force transducers were of a modified cantilever miniature type commonly used in
electronic balances. The radial force acting on each magnet is a combination of attraction to the
strands, the radial component of the weight of the magnet, as well as centripetal acceleration.
The combination of magnet and transducer sensor was calibrated with known weights to obtain a
conversion constant for translation of signal levels to force.
The angular position sensor was a freely rotating no-slip measuring wheel contacting the
external surface of the tendon duct, providing a running angular position numeric indication with
resolution less than 1-degree. Later embodiments in the TIU featured contactless gyroscopic
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angle measurement with comparable performance. The raw output of the measurement was a
data array of the profile of force acting on each of the magnets as a function of angular position
of each magnet with respect to a predefined starting angle and time of acquisition. The combined
force and angle acquisition rate was ~10 Hz corresponding to 5-10 seconds for a ½ rotation. The
subassemblies were able to travel over the entire tendon perimeter clearing any slight departures
from ideal circular shape in the tendons evaluated.
The component of the force due to magnet weight is a known function of angular position
and the mass of the magnet and can be readily subtracted from the total force. A similar
subtraction can be made for any equivalent inertial force on the magnet resulting from rotational
motion if it is rapid enough to be significant. For simplicity, this first main set of experiments
was made on vertically placed tendon segments to avoid the need for magnet weight corrections
given since the weight is perpendicular to the magnetic force. Likewise, rotation speeds were
limited to values where inertial forces on the magnets could be neglected.
A second, field operable version of the magnetic sensing system was used for
supplemental experiments (see next section). Details of the TIU are provided in Chapter 5. The
unit comprises a stronger magnet with a moment of ~ 4.1 A-m 2, and a gravity compensation
feature. The unit was designed with only one magnet requiring one full turn for the complete
image, which was completed in < 10 seconds. The angular position was obtained with a solid
state accelerometer-gyroscope, obviating the need for a contacting wheel.
3.2.3 Test Specimens
The main set of experiments was conducted with the laboratory prototype sensor on
tendon segments that were available in the laboratory from a prior investigation (Sagüés et al.
2008). The tendon segments used were ~ 30 cm (12 inches) long, and the sampled region was
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near the center of the segment. The tendon segments (Sagüés et al. 2008) were built with a
HDPE polymeric duct of 89 mm average external diameter and 5.5 mm average wall thickness.
The tendons comprised 12 ASTM A 416 steel strands that were 12.7 mm in effective diameter
and were fully embedded in QPL-938 Masterflow® 1341 grout which had no significant
magnetic susceptibility. During construction the strands were evenly distributed at the anchor
ends, but placement within the cross section of the tendon segments tested varied from even to
strongly lopsided depending on their proximity to a deviation block bend (Sagüés et al. 2006).
The steel strand placement was convenient for device performance assessment under various
degrees of strand placement non-uniformity.
The supplemental experiments, conducted with the Tendon Imaging Unit (TIU), see
Chapter 5, involved three specimens. Details of the specimens are in Appendix A. Two of those
(#1A and #2 with nominal outer diameters 8.89 cm and 11.43 cm respectively) were laboratory
cast tendon mockup segments with 12 and 18 ½-inch diameter respectively unstressed strands
placed in an asymmetrical pattern and filled with cast grout. That grout had a measured magnetic
susceptibility (χ

~0.018) high enough to merit consideration for force correction (see Section

3.4). The other, #3, was a 11.43 cm nominal diameter portion of tendon cut out of the John
Ringling Causeway Bridge during replacement procedures. Further details of those laboratory
specimens are given in Appendix A, so only essential graphic description is presented here, as
part of the results.
3.2.4 Data Processing
For both sets of tests, the raw data output was conditioned and calibrated to obtain a
uniform matrix of results. The conditioned output data were further processed by the first
deconvolution stage of the response to account for the native delay of the combined magnet-
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force transducer system when responding to an external excitation. Assuming linear system
behavior, the measured force response 𝐹𝑚(𝑡) at time 𝑡 from the start of the measurement
becomes convoluted with the step response 𝐴(𝑡) of the subassembly by
𝐹𝑚(𝑡) =

𝜕 𝐹𝑎 (𝑙)
𝜕𝐹𝑎
𝐴 (𝑡 − 𝑙) 𝑑𝑙 =
𝐴
𝜕𝑙
𝜕𝑡

Eq. (3.1)

where 𝐹𝑎(𝑡) is the actual value of the force acting at time 𝑡, the symbol  is used to express
convolution of the two variables per the integration shown, and 𝑙 is a dummy integration variable
An equivalent, more convenient formulation is given by Goldman (1949):
𝐹𝑚(𝑡) =

𝐹𝑎 (𝑙)

𝜕 (𝐴 (𝑡 − 𝑙))
𝜕𝐴
𝑑𝑙 = 𝐹𝑎 
𝜕𝑡
𝜕𝑡

Eq. (3.2)

where it is assumed that 𝐴(0) = 0, consistent with the expected step response. Calling 𝐹𝑇(𝑓(𝑥))
the Fourier transform of the function 𝑓(𝑥) the following useful property applies for well-behaved
functions (Su 1978):
𝐹𝑇(𝑓1  𝑓2) = 𝐹𝑇(𝑓1) ● 𝐹𝑇 (𝑓2)

Eq. (3.3)

where ● is the multiplier sign, referring to a term by term product of the respective Fourier
transforms. Hence referring to Eq. (3.2) and since 𝐴(𝑡) is determined experimentally from which
𝑑𝐴(𝑡)/𝑑𝑡 is obtained numerically or by fit to a modeling function, 𝐹𝑎(𝑡) can be recovered from
the data by performing
𝐹𝑎

(𝑡) = 𝐼𝐹𝑇

𝐹𝑇(𝐹𝑚(𝑡))
𝐹𝑇(𝑑𝐴(𝑡)⁄𝑑𝑡)

Eq. (3.4)

where 𝐼𝐹𝑇 is the inverse Fourier transform operator and the division sign refers to a term-byterm division of the terms of the functions operated upon.
The above functions were conducted as digital operations performed on the data arrays
using a MATLAB® platform. Appropriate scaling factor modifiers to Eqs. 3.1- 3.4 were
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introduced as needed. The result is an array containing the recovered force 𝐹𝑎 vs time during the
measurement. Using the data array relating angular coordinate to time during the measurement,
the result was then expressed as a double array including 𝐹𝑎 as function of the angular
coordinate for the entire tendon duct perimeter around the cross section examined. The function
𝐴(𝑡) was assumed to consist of a simple exponential increase on t/τ where τ is a seed value equal
to the characteristic time obtained as first approximation by fitting of the step response.
𝐴(𝑡) = 1 − 𝑒𝑥𝑝

Eq. (3.5)

The value of τ was determined in the main set of experiments by tests with the carriages
separated from the assembly, placing a ~20 cm long 1.27 cm diameter tendon strand segment
perpendicular to the magnet axis and ~1cm away. The strand segment was then suddenly
distanced from the magnet and the force transient data fit with Eq. (3.5) to obtain τ. That value
was further empirically refined by best fit of the recovered forward and reverse rotation scan data
in selected calibration tests resulting in a value of τ = 0.13. This value was used also for the
supplemental set of experiments.
The next deconvolution (simplified) step adopted for both main and supplemental set of
experiments was to convert the force information into information on the depth of the strand
bundle envelope beneath the inner surface of the tendon duct, as function of the angular position
within the cross section and creating an imaging plot of the result. The case of grout with
negligible magnetic susceptibility is considered first. The method chosen for the conversion in
that case is to assume for simplicity that there is a power-law dependence
𝐹𝑎 = 𝑘 ∗ 𝑧

/

Eq. (3.6)

between 𝐹𝑎 at a given angular position, and the local distance z at that angular position between
the center of the magnet and the strand envelope, with k as a constant and n as the exponent. That
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approximation reflects expressions obtained by Davis (1992) for the dependence of the force
acting between ideal magnetic dipoles aligned on the same axis, or between a magnetic dipole
and a large nearby susceptible medium (Presuel-Moreno and Sagüés 2009), as a function of the
intervening characteristic distance, typically with a high value of n (e.g., ~ 4). It is noted that this
treatment considers only the value of the force at a single angular position, so it is only an
approximate alternative to a full deconvolution operation.
For further insight, model calculations were made on a COMSOL Multiphysics® finite
element platform simulating the system shown in Figure 3.2 for the main set of experiments. The
first set of simulations was for a simplified case of only one strand (case A) in the proximity of
the magnet. For those calculations the magnet had the same dimensions as in the prototype and a
permanent volumetric magnetization of 750 kA/m, yielding a magnetic moment similar to that
obtained on the initial prototype. The strand was assumed to have an effective high susceptibility
of 4000 (non-dimensional) to simulate ferromagnetic behavior and a diameter s = 1.27 cm
representative of actual strands, with a length hS = 20 cm that was many times greater than the
diameter. Calculations were made choosing z as the distance between the center of the magnet
and the closest point to the steel surface and having values from 0.3 cm to 4.15 cm that were
representative of conditions in the prototype tests.
The results for case A are shown in Figure 3.3, where it can be seen that the force can be
approximated as a power-law function of distance. While the exponent at the furthest distances
approached n~4, an effective average over the range evaluated was closer to 3, as shown by the
regressed line. Calculations were repeated for two other cases sketched in Figure 3.2: A+B where
an additional strand was located behind that in A, and A+C+D were three strands were present
side by side. The three cases yielded similar Fa(z) curves, with comparable parameter values as
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shown in the table in Figure 3.3. The similarity of behavior showed that the power law
approximation was still reasonably applicable for strand groups as well, with only modest
sensitivity from the addition of steel behind or on the side of the closest strand. Using the model
output values of n in Figure 3.3 (average 3.12) as a starting point, trials with results from the
tendons in the main set of experiments produced, as shown later, optimal visual group match
between recovered and actual strand patterns when choosing n=3.185. That empirical fit value
was then selected for use in processing all data for both the main and supplemental set of
experiments. Calibration for the value of k was obtained by placing the magnet at a distance ~1
cm away from the closest point of the strand bundle of a test tendon segment of known
configuration and strand size as those in the tendons to be imaged. The center of magnet to bar
surface distance and the force value were then precisely measured, and k was obtained by
application of Eq. 3.6 with n=3.185. The value of k was 21.57 g F-cmn for the main experiments,
and 207 gF-cmn for the supplemental set of experiments, reflecting the relative strength of the
magnets in each case.

Figure 3.2 Simulation of bar-magnet system.
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Case
A
A+B
A+C+D

k (N-cmn)
0.73
0.74
0.81

n
3.16
3.14
3.06

R2
0.98
0.98
0.99

Figure 3.3 Model results of force vs z, the center to edge distance between the
magnet and the steel rod respectively. The trendline is a nominal abstraction
roughly indicative of characteristic response in the interval examined. The red
dashed line has a power n of -3.16.
3.3 Image Construction
The parameters from Equation 3.6 may be used to obtain the distance G from the inner
duct perimeter to the strand envelope at a given angular position  as
𝐺 (𝜃) = (

𝑘
)
𝐹𝑎(𝜃)

/

𝑤
−( +ℎ+𝑃)
2

Eq. (3.7)

where w is the magnet thickness, h is the distance between the magnet face and the external
surface of the duct, and Pt is the polymeric duct wall thickness.
The results are then presented in a polar plot format scaled to show the outline of the
strand envelope within a circular tendon cross section, in the form of a colored silhouette.
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3.4 Correction for Magnetic Susceptibility of Grout
An initial approach to estimate the extent of the correction that may be needed to account
for the magnetic susceptibility of the grout was developed by means of finite element
computations. Details are provided in Appendix B. As shown there, magnetic properties of
various grout materials in common use were evaluated experimentally first. The experiments
identified the range of the magnetic susceptibility of the various grouts tested, which were used
as a baseline for the model. The model output was processed to develop a relationship that
provides a correction offset (ΔF) as function of magnetic susceptibility of the grout (Eq. B1). The
offset was then subtracted from the value of magnet force obtained with magnetic grout, to
obtain the value that would have been observed otherwise, so that equations 3.6 and 3.7 can then
be used to construct the cross-section image.
The above correction was applied to laboratory tendons #1 and #2 of the supplemental set
of experiments that were cast with a grout of magnetic susceptibility χ ~0.018 (Appendix B).
The correction was not performed for the first set of experiments, and tendon segment #3 of the
supplemental set of experiments, since measurements performed on extracted grout samples
indicated for those materials magnetic susceptibility in the order of ~4 to ~10 times lower than
that of tendons #1A and #2, respectively.
3.5 Results and Discussion
Results for the main set of experiments are addressed first. Figure 3.4 a and b illustrates
the raw output of a half turn (180o) measurement conducted with the prototype placed near the
center of a short (~30-cm) segment of one of tendons investigated. The acquired data includes
the forces F1 and F2 (in gF units) acting on the magnet in each sensor respectively and r the
angular position converted into rotation degrees starting from a reference position (points 1 and 2
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respectively for each sensor). The results are expressed as a function of time beginning at the
start of the hand-operated rotation period. The time included initial and final rest pauses clipped
automatically during data processing. The cross section of the tendon specimen is shown with
locations A and B corresponding to steel strands that are closest to the HDPE plastic duct. At
this location, the distance between magnet and strand envelope is the shortest and the force
reaches a maximum value as evident in peaks A and B in Figure 3.4 (c). The results of repeat
tests showed consistent force-distance-time trends. In special calibration tests with various
starting points, force readings for the two sensors when running over the same strand positions
differed by a small constant factor, reflecting minor variations in magnetic moment and
operating gap of each sensor. The data of the two sensors were reconciled by calculation and
application of an appropriate calibration factor. Slightly negative force readings were
occasionally obtained if a sensing magnet briefly contacted the external duct surface or
irregularities on it; these events were minimized by conservatively adjusting the operating gap
thickness.
The raw data were processed as indicated earlier. The results are illustrated in the polar
plots in Figure 3.5 with the recovered strand envelope image obtained for the cross section of
five different tendon segment specimens, each with a different strand pattern. For each specimen,
the recovered strand envelope is superimposed on a photograph of the actual cross-section,
showing in all instances close visual similarity between both.
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2
0
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(c)

2
Figure 3.4 (a) Angular position versus time as rotation progresses with time in
the indicated direction; (b) output of each sensor, initially placed over indicated
positions. Force varies according to proximity to the steel strand envelope beneath
each position; (c) cross section of the tendon specimen.
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The recovered and actual strand envelopes were numerically compared to assess
accuracy. The actual envelope was quantified by tangentially connecting in each photograph the
outer strands and digitizing the source image on an ImageJ (Rasband 1997) platform. The actual
and recovered pattern were expressed as strings of polar coordinate pairs. An inverse figure of
merit was defined as the extent of mismatch (QF) between both envelopes. QF was calculated per
Figure 3.6 by superimposing the envelopes, measuring the area in the non-overlap regions, and
dividing by the average area of both envelopes. Naming 𝜃 the angle from an arbitrary starting
direction and r1 and r2 the distances to an average centroid for the actual and recovered envelopes
respectively, then:
𝑄 =

∫

|𝑟 (𝜃) − 𝑟 (𝜃)| 𝑑𝜃

0.5 ∗ ∫

|𝑟 (𝜃) + 𝑟 (𝜃)| 𝑑𝜃

∗ 100%

Eq. (3.8)

The extent of mismatch for the five cross-sections in Figure 3.5 ranged from ~6% and
~14 %, with an average of ~11%. If the strand envelopes had been near circular shapes, their
average radius would have been ~32 mm, and QF=11% would have corresponded to
uncertainties approximately 1.8 mm in the local strand bundle envelope local radius. That degree
of uncertainty is low enough to provide a useful imaging base for meaningful interpretation of
the impedance data used that will be discussed further in Chapter 5, where both magnetic and
impedance sensor outputs will be combined.
The reproducibility of the sensor results was estimated by comparing duplicate pairs of
strand envelope measurements around the same tendon segment and at the same position. The
extent of mismatch between both envelopes was calculated as above, yielding an average value
from multiple pairs 𝑄 ~3 %, which corresponded to nearly indistinguishable changes in the
displayed image.
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Results for the supplemental set of experiments reflected the use of a sensing unit with a
compromise design for rapid field operation, including compensation for gravity effects on
horizontal or sloped tendons. Figure 3.7 shows the results of the supplemental experiments for
the three different cross-sections (#1A, #2, #3). For tendon specimens #1A and #2 which were
cast with appreciably magnetic grout, results are shown with and without correction per Eq.
(B1). QF values without correction (red envelope) were ~33 %, and ~24% respectively. When
correction was performed (black dashed lines) then QF decreased to ~25% and ~20%
respectively. Tendon segment #3 had grout with negligible magnetic susceptibility, therefore no
correction was implemented and QF was ~18%. These QF values correspond to a deviation
somewhat higher than the values obtained in the main experiments (Q F ~11% average).
Nevertheless, the field unit, TIU, captured the key size and features of the steel bundle cross
section, allowing for useful diagnostic of the grout condition as further presented in Chapter 5
Once embodied into a TIU, the magnetic detection method presented here has various
desirable features. Among those, the recovered envelope pattern is not unduly sensitive to
variations of hand rotational speed. The unit is compactly wrapped around a tendon (with a radial
overburden as low as only ~3cm) and an image can be acquired within a few seconds providing
near real-time display. The TIU contains a gyroscope and accelerometer image acquisition can
be done on a vertical, sloped, or horizontal tendon with highly consistent results. With both the
magnetic detection method presented here and the impedance sensor presented in Chapter 5
integrated in the field unit, the outcome is a combined cross-sectional image of the steel envelope
and grout at the tested location of the tendon. Any detected grout deficiencies are flagged and
color-coded for immediate operator viewing. Furthermore, the sensor can be assembled with
readily available components at moderate cost so implementation is not strongly hindered by
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budget concerns. Limitations to the magnetic sensor do exist as expected from a low cost
technology. There is lack of access for those cases where clearance around the tendon (due to
nearby walls or other tendons) is less than the allowable radial overburden, and internal
(embedded in concrete) tendons or anchorage or deviation block zones cannot be imaged.
Moreover, the magnetic sensor only recovers the outer steel strand envelope of the tendon so
internal strand positions cannot be determined via this method.
In summary, a method to recover and image strand positions by means of non-destructive
rapid external measurements with a technique that is simple and suitable for practical production
was developed and implemented on a working prototype. The images are reproducible and
accurate to the extent that when combined with an impedance sensor, a cross-sectional image for
a tendon segment is achieved.
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Figure 3.5 Examples of strand envelope recovery on cross section of various
tendon segments examined. Duct outer diameter is ~8.9 cm; duct wall section
represented by the blue ring. The recovered envelope (red) has been
superimposed on an actual picture of the tendon segment cross section at the end
of the segment.
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Figure 3.6 Basis for calculating the extent of mismatch QF between the actual (1)
and the recovered (2) strand envelopes.
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Figure 3.7 Supplemental cross-sections obtained by field unit to show variation
between actual and recovered strand envelope. QF was ~33%, ~24%, and ~18 %
(red envelope) for tendon segments #1A,#2, and #3 respectively.
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3.6 Summary
A rapid external tendon strand imaging method was introduced and demonstrated. The
method features external magnetic sensors that quickly obtain reproducible records of acting
force as a function of angular position, then used for imaging processing.
Consecutive deconvolution procedures were developed and successfully implemented.
One procedure took the sensor response as a function of time and corrected for the time response
delay using a Fourier transform approach, yielding recovery of the force corresponding to a
given angular position that would have taken place under nearly static conditions.
A second, simplified deconvolution procedure converted the force readings into radial
distance between the external tendon duct surface and the strand bundle envelope using a powerlaw approximation of the magnet force - strand distance relationship. The power law
approximation was abstracted from finite element simulations of a simplified version of the
system, and from the behavior of idealized magnet / ferromagnetic medium systems.
A subtraction method was developed and implemented to account for the finite magnetic
susceptibility of certain grouts, correcting for the effect of the grout on the forces measured by
the magnet.
Recovery of the strand bundle envelope was validated against known configurations of
tendon test segments. The recovery is reproducible and accurate and may be used to interpret the
results of the grout condition measurements presented in Chapter 5.
A supplemental set of experiments taken with a TIU, field unit version of the sensor, also
showed adequate strand envelope recovery.
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Chapter 4: Grout Anomaly Detection Using an Impedance Sensor
Chapter 4: Grout Anomaly Detection Using an Impedance Sensor

CHAPTER 4:

4.1 Grout Deficiency Impedance Sensing
4.1.1 Basic Electric Impedance Concepts
Impedance measurements consider the presence of a steady state alternating current (ac),
I, which varies with time in the form
I = I ∗ cos(ωt + φ )

Eq. (4.1)

where I is the amplitude in amps, ω = 2π𝑓 with f being the frequency in Hz, and φ is the
phase angle in radians (to account for the value that I had at t=0).
The steady state alternating current may be viewed as the result of a steady state
alternating potential difference V of the same frequency as I that is applied between two
terminal points A and B of a physical system. For example, A and B may correspond to the left
and right plates of a parallel plate capacitor filled with a medium that has a combination of
dielectric (relative permittivity ε) and conductive (electrical conductivity σ) properties:
∆V = V − V = V ∗ cos(ωt + φ )

Eq. (4.2)

where V is the amplitude in volts, and φ has similar meaning (but not necessarily the same
value) as in Eq. (4.1).
Noting that by Euler’s theorem
e = cos(x) + j sin(x)

Eq. (4.3)

it is customary to express I and ∆V as the real components of complex numbers.
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Calling
𝐈= I e(

)

=I 𝑒

Eq. (4.4)

e

where j = √−1, and,
∆𝐕 = V e (

)

=V 𝑒

Eq. (4.5)

e

then
I = Re {Ie

Eq. (4.6)

}

∆V = Re {Ve

Eq. (4.7)

}

with
I=I 𝑒

Eq. (4.8)

V=V 𝑒

Eq. (4.9)

and

are called the ac complex current density and potential phasors, respectively. Both are timeindependent.
The impedance, Z, is defined as the complex ratio of ∆𝐕 to 𝐈, which reduces to:
Z= V

I

Eq. (4.10)

It is noted that while ∆V and I are functions of time, Z is a constant. Both the real and
imaginary components of Z have dimension of ohms.
Z may be envisioned as the ac extension of the electric resistance concept in direct
current (dc) circuits, where the integrated version of Ohm’s law implies
R = ∆V I

Eq. (4.11)

Indeed, in the parallel plate system example if the medium is purely conductive then Z is
a real number, independent of the frequency, and with a value equal to the resistance of the

36

space filled by the medium between the plates, a function of  and the geometric dimensions as
shown later (Reitz and Milford 1962). However, if on the other extreme the medium is a pure
dielectric, the impedance is a complex number, with zero real component, and with a value that
depends on the frequency,  and geometric dimensions (Reitz and Milford 1962).
The dependence of Z on geometric dimensions and intervening medium properties is
used to detect anomalies in the medium (in this case the grout) with the scheme presented in the
next sub-section.
4.1.2 Impedance Measurement Configuration
For this component of the TIU approach, a design was created (Sagüés et al. 2019)
whereby measurements are made of the ac impedance Z (Figure 4.1 Left) between an external
moving conductor plate in contact with the outer surface of the duct, and a conductor connected
to the strand bundle. The plate has to be above a minimum size to achieve a reasonable level of
electric signal, but not so large that the imaging resolution is impaired. A practical compromise
was achieved by a square plate with a lateral dimension of 5cm selected according to the outer
radius of the duct and within the same order of magnitude of the anticipated size of grout
deficiencies.

Figure 4.1 Left: Electromagnetic coupling test method arrangement. The
moving metal plate is shaped to fit the external duct surface. Center:
Simplified composite dielectric/conductive configuration. Right: Further
simplification.
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The strand bundle is electrically interconnected at the anchor points so it can be assumed
to be electrically continuous and behave approximately as a conductor bounded by the strand
bundle envelope.1 Rotating the plate around the duct perimeter and measuring Z as a function of
rotation angle yields an angular impedance profile. At every angle, the Z value depends on the
combined impedances of the polymer duct, the grout space between the inner surface of the
polymer duct and the strand bundle envelope, and finally the respective intermediate interfaces.
On further simplification, the high frequency electrical behavior of the system for a given
angular position of the plate may be abstracted (Figure 4.1, center) as being that of a simple
parallel-plate capacitor with a layered dielectric/conductive fill space. The curvature and
unevenness of the plate, tendon cross section and strand bundle surface are ignored, as are any
current spread deviations from a simple one-directional current flow scheme. The total
impedance of the series combination of layers is the sum of each of the components. Those
components are the plate-duct interfacial impedance Z PD, the duct layer impedance ZD, the ductgrout space interfacial impedance ZDG, the grout space composite layer impedance ZG, and
finally the grout space-strand envelope interfacial impedance Z GS. By operating at a high enough
frequency, the impedances of the interfaces are negligible (Orazem and Tribollet 2008)
compared with the other terms. Thus, only the duct and grout space impedance components (Z D
and ZG) merit consideration, leading to the further simplified abstraction in Figure 4.1, right. The
measured impedance in this case is then for that series combination
Z = Z

+ Z

Eq. (4.12)

Since the duct material is normally uniform in composition and thickness, the impedance
component ZD may be approximated as the same at all angles, and hence it can be subtracted

1

Here and in the following the size, shape and location of the bundle within the cross section are assumed to be
known, having been provided by the concurrent magnetic measurements in the TIU as presented in Chapter 5.
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from the measured value of Z, leaving for consideration just the grout space component Z G. ZG
depends on the local grout space thickness dG and on the grout composite condition. The
thickness dependence can be discounted by knowledge of the strand envelope position at each
angle. After discounting for thickness, the remaining (condition dependent) portion of Z G serves
as an indicator of deficiency by increases or decreases in value as discussed below.
The impedance indication of grout condition together with the strand position
information can then be combined into a color-coded 2D image of the cross section as in the
figures in chapter 5, revealing grout anomalies in a spatial context. If desired, repeating the
process at various longitudinal tendon positions can yield a 3D survey of the inner arrangement
of the strand and condition of grout composite.
4.1.3 Material Properties Relevant to Impedance Grout Deficiency Detection
The performance of the impedance assessment concept is in part a function of the
anticipated nature and relative values of ZD and ZG. The HDPE polymeric duct material is a wellknown dielectric insulator so in the parallel plate approximation the portion beneath the plate
footprint behaves closely as a simple equivalent circuit capacitor of value
C = (ε ∗ ε ∗ A)⁄d

Eq. (4.13)

where CD is the capacitor value in farads (F), ε is the dielectric constant of the medium (ε D
approximately 2.2 for HDPE (Weast (1972)), εo is the permittivity of space 8.854x10-12 F/m, A is
the footprint area of the plate in m2, and d is the depth of the medium (in this case dD per Figure
4.1 center) in m.
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Hence ZD approximates purely capacitive behavior of the form (Hambley 2004)
Z

= 1⁄(j ∗ ω ∗ C)

Eq. (4.14)

where j = √−1, ω = 2 ∗ π ∗ 𝑓 , 𝑓 is the frequency of the alternating current used for the
measurements, and ZD is the impedance in ohms (Ω).
The grout space may be considered to be filled by sound hydrated grout, or by a
composite mixture of some proportion of sound hydrated grout and deficient space that may
include voids filled with air or some water solution, unhydrated or partially hydrated grout, or
so-called soft or chalky grout with a high water to grout powder ratio (Lau et al. 2013). Normal
sound grout has a hydrated cementitious matrix with a pore network partially filled with a
conductive pore solution. In the meso scale (mm-cm) normal sound grout can be approximated
as a homogeneous medium with an effective electric conductivity σ G and dielectric constant ɛG
(McCarter et al. 1988; McCarter 1996), with impedance inversely proportional to the
combination of those properties. For a given pore network configuration and degree of hydration,
both properties tend to increase in value with increasing water content, because of the greater
degree of pore interconnection as well as the high dielectric constant of water. If the grout space
incorporates deficiencies as noted above, it may still be viewed on first approximation as having
effective values of σG and ɛG.
The impedance behavior of the grout space at a given frequency can be represented by an
equivalent parallel combination of a capacitor and a conductor, both with dimensions
corresponding to the grout space and σG and ɛG representative of the grout condition. The
capacitance CG (the circuit value corresponding to the capacitor) is calculated per Eq. (4.13) with
d=dG (as seen in Figure 4.1) and ɛ = ɛ and A the same footprint area of the plate.
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For conventional treatment, the conductor is represented as an equivalent resistor, with a
resistance value R (ohms) given by
R = d ⁄(A ∗ σ )

Eq. (4.15)

where σG is the electric conductivity of the grout in (Ωm)-1.
The impedance of the grout space ZG in ohms (Ω) is therefore,
Z = R +

∗ ∗

Eq. (4.16)

The composite values of σG and ɛG relate to those in sound grout by a combination rule
(Barsoukov and Macdonald 2005) dictated by the relative size and geometric arrangement of the
anomalies, as well as the specific properties of each. For uniformly distributed, relatively small
spaces the rule may simply approach a linear combination of the conductivity and dielectric
constant of normal grout and that of the anomalous space while for coarser geometries the
relationship should be more complex. Nevertheless, it may be expected that if the deficiencies
consist of air-filled voids, as the fraction of anomalous space approaches unity (a “full void”), G
would tend to zero and Gto 1. Correspondingly for deficiencies consisting of unhydrated grout
those parameters would tend to be intermediate between the cases of full air voids and sound
grout, while for soft grout or water-filled voids the parameters could increase substantially
relative to the case of normal grout.
4.1.4 Impedance Manifestation of Grout Deficiencies
Per Eqs. (4.14) and (4.15) then the value of ZG and its variations can provide an important
indicator of the presence and extent of grout deficiencies. For simplicity, the value of d G will be
considered to be approximately constant in the following. In the rotating sensing plate
arrangement, as the plate would straddle regions containing a void the impedance value would
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tend to peak compared with that of regions of normal grout. Conversely, when the plate would
pass over a region with water excess the impedance value would dip.
For a full void limit situation and in the idealized scheme of Figure 4.1, Z G would
become purely capacitive. Given the assumed dimensions |Z G| would become appreciably greater
than |ZD| and hence the dominant component of the measured impedance. The presence of the
full void would be clearly evidenced, regardless of operating frequency. However, under full
void conditions but with some conductive grout still elsewhere in the cross section, the simple
series combination imagined in Figure 4.1 (right) is no longer a close approximation of the
system behavior. That is because current flow is three dimensional, with a part of the current
short circuited to grout paths on each side of the void. The result is reduced manifestation of the
void presence, an effect would be less important at the chosen high operating frequency due to
the factors noted earlier.
Other intermediate grout conditions are expected to translate into recognizable impedance
response signatures as well. Poorly hydrated grout (very low to no water present) would result
likewise in conditions closer to those of an air-filled void. Conversely, if there is excess water
regions (as in so-called soft or chalky grout (Lau et al. 2013)) those parameters are expected to
increase relative to the normal grout. That increase would lower the value of the impedance of
the grout space to less than the already low value of normal grout relative to that of the polymer
duct, with it becoming dominant. Hence, cases of high-water content are expected to present a
greater challenge for detection than cases of low water or full voids.
If the value of dG in a given tendon cross section varied significantly with angular
position of the sensor, then the variations in the value of |Z G| would be better interpreted after
adequate correction per the corresponding value of dG at each angular position. However, as
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shown later the practical differentiation in total impedance values due to the presence of grout
anomalies tends to overwhelm that from variations in d G, so such correction may be of only
secondary importance.
4.1.5 Selection of Operating Frequency
Simplified system dimensions representative of an external tendon (Barsoukov and
Macdonald 2005), plate and strand bundle are in the order of A ~ 25cm 2 (5 cm x 5 cm plate) , dD
~ 0.6 cm and dG ~ 2 cm. For HDPE construction, those dimensions correspond to C D~8 pF, a
fairly small capacitance value. At ac frequencies in the low radio frequency (RF) range (<~ 100
kHz), a correspondingly high value of |ZD| >~ 200 k is obtained. In contrast, mature grout at
that frequency range tends to have predominately ohmic behavior with σ G in the order of 10-3
(m)-1, so |ZG|<~10 k and therefore ZD is highly dominant. Thus, at relatively lower test
frequencies variations in ZG tends to be less noticeable and sensitivity to grout deficiencies is
correspondingly lessened. At the other extreme, operation at very high RF (Schorn 2018) or even
ultra-high frequency (UHF) although potentially advantageous as discussed later (Sagüés et al.
2019) has some practical drawbacks. Those include increased sensitivity to the presence of stray
capacitive and inductive elements, as well as complications from radiative phenomena.
A practical working compromise consistent with implementation of the TIU was
achieved by selecting a 1 MHz operating frequency. There, the sound grout impedance has a
distinct capacitive component, with illustrative values of σ G and ɛG in the order of 3*10-3 (Ωm)-1
and 50 respectively. At 1 MHz, |ZD| is ~ 20 kand the sound grout equivalent circuit parameters
are in the order of CG~40pF and RG~4 k, corresponding to a |ZG| of ~3 k. Under these
conditions and for sound grout, ZD is still a dominant component of the series combination, but
not as much as at the lower frequencies considered earlier. Experimental work for development
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of the TIU and related testing was conducted at 1 MHz, and base configuration models including
validation tested were computed for that operating frequency as well. Nevertheless, to examine
some of the potential benefits of operation at higher frequencies, exploratory model
computations were conducted here for 10 MHz, and 500 MHz regimes.
4.1.6 Work Conducted
The expected behavior addressed in the previous subsections needed analysis and
verification toward achieving the objectives of this investigation. The following sections describe
work intended to establish the extent to which impedance measurements are able to determine
grout deficiencies. First, experiments were conducted with laboratory cast tendon segments with
sound grout and with grout voids filled with air, unhydrated grout, water or other conductive fill.
Second, finite element modeling was used for conditions that were not assessed experimentally,
including various void shapes, external plate configurations, and increased operating frequency.
4.2 Experimental Methodology
The applicability of the electromagnetic coupling method was examined for an
arrangement (Figure 4.1 Left) consisting of an external metal plate shaped to fit the external duct
surface traveling around the perimeter of that surface. Measurement of the real and complex
components of the high frequency impedance between the plate and the tendon (connected at the
strands) are conducted at 1 MHz frequency as a function of the angular position of the plate
center. The plate covers a perimeter angle of ~10 degrees and extends longitudinally for ~ 1
external duct radius. Measurements are repeated longitudinally either continually or at desired
intervals. For the experimental measurements a Hewlett-Packard 4192A LF IMPEDANCE
ANALYZER was used to measure the real and complex impedance of the system prototyped as
described schematically in Figure 4.2 and pictured in Figure 4.3.
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Figure 4.2 Electromagnetic coupling test method schematic.
The moving metal plate, part of the Plexiglas, that rotated around the tendon. The electric
impedance between the plate and the tendon is measured at multiple frequencies with
connections to the strand assembly (cabled to the anchor, where strands are shorted together) and
the plate.

Figure 4.3 Left: experimental prototype arrangement for steel strand location
detector prototype and impedance module under for tendon measurements. Right:
inner part of the impedance module with a 5cm x 5cm copper plate.
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The tendon segments #1A, and #1B (details in Appendix A) evaluated were ~76 cm (30
inches) long 12-strand tendon segments custom built for this project. Measurements were
performed in a two-conductor mode using the Model HP 16047A two-conductor test fixture and
short (~12 cm long), ~0.15 mm diameter wires each connecting to the capacitor plate and strand
assembly respectively. The capacitor plate was a square of 0.12 mm thick copper plated steel
sheet, 5 cm x 5 cm, curved to fit the outer diameter of the tendon segment to be tested. The
Plexiglas ring with the plate rotated periodically so the center of the plate was precisely placed
consecutively over various marked angular positions around the tendon perimeter. Impedance
was recorded while the system was at rest at each position before rotating to the next. Readings
showed little sensitivity to modest changes in distance of the tendon to the front of the apparatus
or the laboratory table, which was not metallic.
Each laboratory tendon segment to be evaluated was prepared by first ensuring that all
strands were interconnected as they would be in an actual field situation. The steel strands at one
end of the tendon segment were connected using a galvanized piece of steel and structural wire
to ensure the connectivity of the strands. Then a threaded rod was connected to the galvanized
metal piece extending to the outside of tendon segment to provide a robust connection between
the steel strand assembly and an aluminum plate. The connector (Figure 4.4c-d) was threaded
against the center of the aluminum plate. A thin wire was attached to the connector with an
alligator clip giving a sliding contact to the wire that led to one of the terminals of the impedance
analyzer. The sliding contact allowed for rotation of the Plexiglas around the tendon segment
without entanglement of the wire. The wire leading to the other impedance analyzer terminal was
connected to the capacitor plate. The capacitor plate was held steady with a fixed upward
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orientation on top of the tendon segment as it was rotated. After the grout cured both ends of
each tendon were coated with clear polyurethane to minimize moisture evaporation.
Impedance measurements were conducted at 10o intervals around the tendon segment
perimeter, normally at a frequency of 1MHz and excitation amplitude of 1V rms.
Experiments were conducted with the two tendon segments designated #1 A and #1B
respectively with cross sections shown in Figure 4.4. After the reliability of measurements was
evaluated the next step was to explore the effects of different defects.

Figure 4.4 (a-b) Cross section profile of the custom-built tendons #1 A and #1B
respectively.
(c-d) Cross section of the back end of tendons #1A and #1B respectively.
Hence, the tendon segments were evaluated by the impedance sensor in four conditions:


Sound: Tendon cross section with normal, sound grout fill. This condition was examined
by operating the rotating impedance sensor in a region of the tendons halfway between
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the edge of the central void and the end of the tendon (~ 1.5 tendon duct diameters clear
from either).


Void: Cross section with an air-filled void with dimensions indicated in Figure A.1
(Appendix A), achieved by operating centered on the void region.



Unhydrated Grout The void and placement indicated above but filled with unhydrated
grout, simulating a spot resulting from an unmixed grout plug sent into the tendon.



Conductive Fill: The void filled with pure copper shot (graded sizes from ~ 1 mm to 5
mm in diameter, ~800 g) simulating the partial presence of a conductive medium in the
tendon cross section, as in the case of bleed water. A dry conductive fill was chosen to
allow for a reversible change of conditions in continuation tests.
Measurements were taken at various ages after casting the cylinders, indicated in the

captions of the corresponding figures displaying the results.
4.3 Experimental Results
Figures 4.5, 4.6, and 4.7 illustrate respectively the real, imaginary and modulus of
impedance vs. angular position of the sensing plate on the specimen, with the sensor placed on
each of the four conditions indicated above. Those figures show the data for Tendon #1 B, for
which a full set of data was available first. Appendix A shows that the trends were reproducible
when determined with replicate Tendon #1A at a later specimen age. Additional results given in
Appendix A showed further trend reproducibility and repeatable behavior for two conditions
(sound and void) in consecutive measurements at comparable ages.
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Figure 4.5 Real part of the complex impedance vs angular position for tendon
segment #1B (age 166 days for void and sound, 163 days for unhydrated grout,
and 169 days for conductive fill) at center with section filled with air, unhydrated
grout, and conductive fill. Impedance results for a sound cross-section also
included. All experimental results in this and subsequent figures are for a
frequency of 1 MHz.

Figure 4.6 Imaginary part of the complex impedance vs angular position for
tendon segment #1B (same ages as in Figure 4.5) at center with section filled with
air, unhydrated grout, and conductive fill. Impedance results for a sound crosssection also included.
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Figure 4.7 Modulus of impedance vs angular position for tendon segment #1 B
(same ages as in Figure 4.5) at center with section filled with air, unhydrated
grout, and conductive fill. Impedance results for a sound cross-section also
included.
The results showed promising evidence of feasibility of the impedance measurements to
reveal grout variations in a stable and reproducible manner, with low data scatter. The modulus
of impedance when the sensor was over sound grout (Figure 4.7) showed, as expected from the
earlier arguments, a value that increased only relatively slightly when the sensor moved over the
positions where the grout thickness was greatest, consistent with the impedance of the polymer
duct being dominant. The impedance modulus value in those conditions, about 12k, was also in
the order of that estimated earlier for a comparable geometry and plate dimensions, with any
differences easily explained by latitude in the value of effective dielectric constant, duct wall
thickness, and deviations from an ideal parallel plate system.
As shown in Figure 4.5, more sensitivity to variations in sound grout thickness can be
obtained in the real part of the impedance, which is dictated in large part by the ohmic
component of the grout impedance. However, the real component in that case is typically < 5%
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of the imaginary component, thus requiring highly precise measurements to give meaningful
results. The impedance modulus value (very close to the imaginary component value) provided
nevertheless highly useful information as shown next. Since impedance modulus-only
measurements can be readily implemented in an economic field device, that measurement was
therefore selected as the main metric for grout variations detection in the following. Full
real/imaginary impedance measurements are therefore pending for future development as more
sophisticated instrumental approaches become more viable.
The impedance sensor reporting the impedance modulus reliably identified the position
of the full air void by showing a marked increase when the sensor angular position matched that
of the center of the void filled with air (Figures 4.5, 4.6, 4.7). The modulus increase was by a
factor of two to three times when compared to the impedance over the grout in sound condition
(Figure 4.7). That extent of increase also was consistent with the estimates made earlier, keeping
in mind that some ac current diversion would take place by coupling with the conductive path on
the sides of the void.
The impedance modulus when the sensor was over the void filled with unhydrated grout
showed an increase by a factor of about 2 when compared to the impedance over the grout in
sound condition (Figure 4.7). Some of this increase can be expected from less efficient packing
in the dry grout powder compared with grout mixed with water, as unhydrated grout has a
density of ~1.2 g/cm3 compared to ~2 g/cm3 for hydrated grout with 0.25 w/g. However, much of
the effect was anticipated from the absence of water in the unhydrated grout, which would result
in a lower effective dielectric constant and a much lower conductivity than those for the hydrated
grout. The overall effect was an impedance modulus values in between those of sound grout and
a full void, somewhat closer to the latter, and in any event clearly detectable.
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Intriguingly, when the void was filled with the copper pellets (conductive fill) the
impedance modulus also showed an increase, by a factor of ~1.5, over that of sound grout. This
is the opposite of what would have been expected if the grout had been fully replaced by a more
conductive medium. This apparent inconsistency can be explained by noting that the copper
pellets, used to fill the void, do not fully cover the surface of the void on the inner side of the
HDPE, thus introducing multiple air gaps in the zone of contact. Consequently, the local
impedance is significantly higher than would have been if continuous contact existed. Therefore,
the impedance for the conductive fill case was still lower than that of the void or unhydrated
grout, but not quite as low as that of the sound grout. This experience indicates that the method
ability to detect highly conductive fill conditions is strongly limited if voids are present near the
inner duct interface. Related issues are investigated in the modeling work section presented later
on.
As indicated above, the measured impedance modulus for a sound grout thick region
showed a slight increase in total impedance (Figure 4.7 sound, red series). When a grout anomaly
(void, or unhydrated grout) was present in the thick grout region then there was a large increase
in the total impedance (Figure 4.7 void black series, unhydrated grout grey series). In the cases
examined in this investigation that variation in the value of total impedance due to variations in
grout thickness was usually of secondary importance. A refinement may be implemented by
introducing a correction factor that normalizes the displayed result to a chosen standard grout
space thickness, by taking into account the values of the impedance of the duct and those
anticipated for the grout at the standard thickness. Such feature was deferred to TIU development
in future investigations.
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4.4 Modeling Methodology
4.4.1 Modeling Objectives
The extent to which the factors investigated above affect the impedance operational
outcome of the TIU for selected cases was assessed experimentally in Chapter 5 that also
demonstrated integration of strand positioning and impedance information to produce a cross
section image of the tendon. The present work uses computer modeling and material property
determinations to more broadly evaluate the ability and limitations of the impedance method to
detect grout deficiencies. The model addresses in detail the three-dimensional current
distribution problem and other complexities that could not be resolved with the initial simplified
approach. Factors considered include the geometric arrangement of the deficiencies,
configuration of the sensing electrode, and frequency dependent grout properties.
4.4.2 Model Structure and Operation
Computations were performed using a finite element model (FEM) COMSOL
Multiphysics ® V. 5.2 platform to simulate impedance measurements on a finite cylindrical
tendon segment, between a plate hugging the external surface of the tendon and the steel strand
bundle within (Figure 4.8). Except for validation computations described later, the strand bundle
was treated as a simple axially placed conductive cylinder and illustrated as such in Figure 4.8.
The segment length was several times greater than the length or width of the plate. To
approximate to some degree stray electric field coupling around the tendon segment, a finite
cylindrical air domain about twice as wide and long as the tendon segment was placed around it.
Dimensions for the various cases examined are given in Table 4.1. Domains considered were the
surrounding air, the polymer duct, the sound grout, and grout deficiencies, each with electric
properties described below. The plate and the strand bundle were assumed to be ideal conductors
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and represented only per the boundary conditions assigned to their respective interfaces with the
domains indicated above. The platform was operated in its 3D, AC/DC Module, Electric
Currents interface mode, where inductive effects are ignored for simplicity, but capacitive and
conductive effects are accounted for.

Figure 4.8 Model layout.
Each domain was assigned electric properties of conductivity 𝜎 and relative
permittivity 𝜖 , both of which were frequency dependent within the grout domain and constant
within the others. An alternating potential difference was applied between the sensing plate and
the strand assembly, which under steady state conditions resulted in a local alternating potential
value V present at each point of the domains modeled. The corresponding local alternating
electric field and displacement vectors were
𝐄 = −∇V

Eq. (4.17)

𝐃= 𝜖 𝜖 𝐄

Eq. (4.18)

where 𝜖 is the permittivity of free space (8.854·10 -14 F/cm) and 𝜖 is the local permittivity of
the medium.
Defining the total current density vector (Solymar 1976)
𝐢𝐓 = 𝜎𝐄 +

d𝐃
d𝑡

Eq. (4.19)
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it is found that as a corollary of Maxwell’s equations, in the absence of finite charge density, e.g.,
in the polymer, air water and grout domains it satisfies (Solymar 1976)
Eq. (4.20)

∇ . 𝐢𝐓 = 0

which was used as a ruling equation in those domains. Eq. 4.20 was implemented in phasor
terms, by writing (analogous to the earlier treatment in Eqs. 4.6-4.9)
i = Re {I e

}

Eq. (4.21)

V = Re {Ve

}

Eq. (4.22)

and

So as a result a time-independent expression is obtained as (Dizon and Orazem 2019;
Alexander and Orazem 2019a, 2019b)
∇.

𝐓

= −(𝜎 + j𝜔𝜖 𝜖 )∇ V = 0

Eq. (4.23)

where ̃ 𝐓 and V are dependent on frequency and spatial position but not time.
The boundary conditions were fixed ac potential values at the metallic surfaces, with 0V
(effectively a ground condition) at the strand bundle envelope side and end surfaces, applied
electric potential V = 1V at the (two-sided) plate surface, and zero normal current density
𝑛 . ̃𝐓 = 0

Eq. (4.24)

at the external air space surface.
The model inputs were the geometric configuration of the system, the conductive and
dielectric properties of the various materials, the values of ac potential and frequency applied to
the surfaces of the plate and the strand bundle, and the applicable boundary conditions for the
rest of the domain interfaces. The output was the value of V throughout all modeled spatial
domains, after any initial transient conditions had dissipated. From that output the value of the
impedance was calculated as the quotient of the complex potential and current density phasors.
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The polymer and grout surfaces at the ends of the tendon cylinder segment were allowed
to interact via current continuity with respect to the surrounding air. This choice, together with
the fixed potential condition at the ends of the strand bundle was intended to approximate
conditions encountered when testing short tendon segments in the laboratory where the flat cut
segment ends are exposed to air. It was observed nevertheless that because the tendon ends are
comparatively far from the plate, the calculated current densities at those end surfaces were
negligibly small. Thus, the results of the calculations were effectively insensitive to the precise
choice of boundary conditions there, and it is expected that the trends observed would apply as
well to those in the case of an unlimitedly long tendon.
The FEM mesh configuration chosen for regular model execution was tetrahedral
elements with minimum and maximum element size 0.075cm (near the plate and fine features in
the polymer cover and strand bundle) and 1.75cm (outer air space) respectively.
For each set of input variables, the plate was first positioned on the perimeter centered on
0o (Figure 4.8), and a solution was obtained. The process was repeated with the plate centered on
10o clockwise increments, until completing a full revolution. For each solution at a given angle
the value of the complex normal current density

𝐓

was calculated per Eq. (4.23) over the plate

surface and integrated to obtain the total normal complex current 𝐈 there. The impedance Z was
then regularly obtained at each angle by the complex division
Z = V /𝐈

Eq (4.25)

dividing the applied electrical potential V at the plate by the complex normal current calculated
as the surface integral of the complex current density. Alternative impedance calculations using
the integrated current density on the strand bundle instead were conducted in selected cases, and
the result compared with those of the regular procedure to quantify consistency of outcome.
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The calculations addressed tendon sizes and duct thicknesses representative of common
use in segmental bridges (Table 4.1). Grout and duct material electrical properties values were
representative of experimentally determined values (Appendix A). Geometric configurations for
the various computation cases described below are shown schematically in Figure 4.9. An
overall summary of conditions examined is presented in Table 4.2.
4.4.3 Comparison with Experimental Findings
For the purposes of model validation and insight on key factors, the model output was
contrasted with the results of tendon laboratory tests performed during TIU development (See
Chapter 5). The laboratory tests used replicate tendon segment specimens (designated as #1 A and
#1B in Appendix A) where the strand bundle was irregular in cross section shape. The bundle
followed the pattern detailed in Figure 4.9VA-VB, which was precisely transferred from the
strand bundle image provided by the system magnetic sensor. In the experiments, the tendon
segments overall diameter and duct thickness and sensing plate dimensions were similar to those
in the model performance evaluation cases, Figure 4.9A-C and Table 4.2. The segments in the
experiments were however 76 cm long and included a 10.2 cm long central zone that contained a
full void over much of the upper part of the cross section. The void space was uniform along its
length, with the cross-section shape shown in Figure 4.9VB. Impedance measurements as a
function of angular position were obtained with the sensing plate rotated with its center placed
either at a distance 10 cm from one of the ends of the specimen (Sound condition tests), or with
the plate straddling the center of the specimen (Void condition tests).
The corresponding validation models were constructed as shown in Figure 4.8, but with
the strand bundle envelope not as a simple cylinder but instead shaped and scaled as shown in
Figure 4.9VA/VB. The modeled tendon segment length was 30 cm. For the Sound grout

57

condition, the modeled segment had the cross-section region between the strand bundle and the
inner duct wall filled with grout over the entire length. For the modeled Void condition, the
arrangement was the same as for the sound grout except that the grout was absent for a length of
10.2 cm in the central portion of the segment. The cross section of the missing grout matched the
void space in Figure 4.9-VB. For both conditions, the sensing plate rotated around the segment
straddling its center. Because of the aforementioned low sensitivity to the conditions far from the
sensing plate footprint, the modeled systems were deemed to be representative enough of the
experimental Sound and Void cases even though the configurations at the ends differed. For the
experimental data and all modeling in this paper, plate angular orientation 0 o position counting
was set so that the sensing plate straddled the void region at a rotational angle of 180 o.
Model stability in the form of output sensitivity to FEM mesh size was evaluated using
the configuration presented in Figure 4.9-A and the base case parameters. Two additional tests
were conducted with a minimum and maximum size of 0.01 cm and 1 cm respectively for one
mesh choice, and 0.2 cm and 2.75 cm respectively for the other. Those tests straddled the regular
size choice. The supportive data are shown in Appendix B.
4.4.4 Extended Performance Evaluation
Models for evaluation of the performance of the impedance method to reveal deficiencies
in conditions beyond those addressed experimentally, used the three alternative deficiency
geometries shown in Figure 4.9A, 4.9B and 4.9C, respectively for Full, Outer and Inner voids,
and the overall configuration in Figure 4.8. Base cases for each of those geometries used
dimensional and material property parameters designated by bold italic characters in Tables 4.1
and 4.2. Trial calculations showed little sensitivity of results to void region length if the plate
length LP is equal or less than the length of the void, so for simplicity the performance evaluation
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void regions were made to span the entire modeled segment length. Moreover, the trial
calculations indicated that the value of the impedance at and near 0 o (diametrically opposite to
the void region) was insensitive to the void presence, such that impedance values obtained in the
specified angular region were used as a reference for a Sound grout condition.
Variations from base cases examined (Table 4.2) and rationale were as follows:


Sensing Plate Configuration
Narrower plate: 2.54 cm tangential span instead of the 5 cm base cases, as a possible way

of increasing angular resolution.
Guard plate: Narrow central plate (2.54 cm) with an extra plate 1.23 cm side on each
side. The three plates are energized together but only the current from the central plate is used for
the impedance calculation. As the current from the outer plates tends to be dispersed sidewise,
this typical guard-electrode connection (Kranc and Sagüés 1993) provides information more
focused on the features that are directly beneath the plate footprint, improving angular resolution.


Void Filling
Water filling: Instead of the air filled void base cases, the fill is dilute water (DW),

assumed to be highly resistive and acting only as a high dielectric constant medium (OrtizAleman and Martin 2005) as a bounding situation, or alternatively with highly conductive water
(CW) representing grout bleed water as observed in tendon failure cases (Lau et al. 2013; Lau
and Lasa 2016; Barsoulov and Macdonald 2005; Corven 2001; Hansen 2007; Trejo et al. 2009).


Test frequency
10 MHz and 500 MHz: Operation at higher frequencies than the base cases’ 1 MHz may

improve deficiency detection as indicated in the introduction. Data from cementitious properties
obtained in another investigation (Soutsos et al. 2001) (S) are used as a variation as well.
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For all performance evaluation model case outputs, a deficiency detection figure of merit
was evaluated as:
Z

= |log

(Z /Z

)|

Eq. (4.26)

where ZEX is the extremal (peak or dip depending on the nature of the deficiency) value in a
graph plotting impedance modulus as function of angular position, and Z BG is the modulus of
impedance at an angular position diametrically opposed to that of the center of the deficiency,
where a normal grout condition exists.
ZR is a sign-independent indicator of proportional differentiation, suitable for the simple
circular strand bundle configuration modeled. In a poor detection ability case with no clear peak
or dip of the impedance modulus when the sensing plate travels over the deficiency, Z R = 0. If
the peak or the dip were very highly pronounced (e.g. Z EX = 10 ZBG or = 0.1 ZBG) then ZR = 1.
More likely but still practical detection performance situations would yield intermediate values
(e.g. for ZEX = 2 ZBG or = ½ ZBG, ZR =0.3). In all cases, larger values of ZR indicate higher
sensitivity of the test method to the presence of the deficiency.
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Table 4.1 Model input parameters keyed to Figures 3 and 4 (bold italic designates base cases).
Parameter
Air space diameter
Air space length
Grout domain
diameter
Tendon segment
length
Steel strand bundle
diameter
Inner-Outer Void
Boundary Radius
Void Angular
spread

Cases
All
All

Symbol
DA
LA

Value
18
50

Units
cm
cm

All

DG

7.99

cm

All

LT

30

cm

A-C

DS

4.5

cm

B-C

RB

3.495

A-C

θV

58

degree

Duct thickness

All

tH

0.505

cm

Notes

Extends 70 degreees
tangentially

Sensing plate
length and arc
length

All

WP, LP

5, 5

A-C

WP, LP

2.54, 5

Guard plate

A-C

WP, LP

1.23-2.54-1.23,
5

All

tCP

0.012

cm

VB

LV

10.2

cm



AIR

1

-



H

2.2

-

All

n

0.723



G

52.27

-

At 1 MHz



σG

2.5 e-3

S/m

At 1 MHz



G

29.57

-

At 10 MHz



σG



G

S/m
-

Grout conductivity



σG

8.8 e-3
10.02
7
1.3 e-1
16.67

At 10 MHz
At 500 MHz
500 MHz from S
At 500 MHz
500MHz from S

Water dielectric
constant
DI Water
conductivity



W

80

-



σW 

5.5 e-6

S/m

For DI water

CW conductivity



σW 

5

S/m

For NaOH water
(pore water solution)

Sensing plate
thickness
Void length
Air dielectric
constant
HDPE dielectric
constant
Grout Frequency
Dispersion
Coefficient
Grout dielectric
constant
Grout conductivity
Grout dielectric
constant
Grout conductivity
Grout dielectric
constant

cm

S/m

Current meassured
through the 2.54 part
of plate
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Table 4.2 Performance evaluation base cases (bold italic font) and variations

5cm x 5cm
5cm x 2.5cm
Guard
Air
DW
CW
0.723

1
ABC
ABC
ABC
ABC
A
A
ABC

Frequency (MHz)
10
ABC
ABC
ABC
ABC
A
A
ABC

Data from S

-

-

Variations
Sensing Plate
Configuration
Void Filling
Grout Frequency
Dispersion
Coefficient

500
ABC
ABC
ABC
ABC
A
A
ABC
ABC

Figure 4.9 Cross sections at center of the modeled tendons for validation cases (VA, VB), and
for performance evaluation base cases A, B and C. Sensing plate shown by the arc segment on
the tendon duct perimeter. Black for VA, and VB (5cm x 5cm). Red and black together: Regular
configuration. Red only: 2.5 cm configuration. Red and black separately connected: Guard
configuration.
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4.5 Modeling Results and Discussion
4.5.1 Comparison with Experimental Findings
An example set of measurements obtained on specimen #1B at a grout age of 166 days are
shown in Figure 4.10 with the corresponding model projections. Comparable results were
obtained for specimen #1A (Appendix A) during a series of periodic tests. The experimental
results (black) reflect those presented in Chapter 3 for the same specimens at other grout curing
ages. The results presented here include both the real and imaginary components of the
impedance, as well as the corresponding value of the impedance modulus. As previously noted,
the experimentally obtained real component of the impedance is much smaller than the
imaginary component. Thus, the latter is dominant and quite close to the value of the impedance
modulus. From an instrumentation standpoint, precise measurement of the real component under
these conditions is challenging. In contrast, measurement of the impedance modulus is easier and
implementable with comparatively easier circuitry. Therefore, embodiments of this impedance
method for practical field applications used simple impedance modulus measurements (Freij et
al. 2019; Dukeman et al. 2019).
Figure 4.10 shows also the result of model simulations (red) for geometries
corresponding to the sound and voided grout portions of the same specimen. The dielectric
property constants used for those simulations, listed in Table 4.1, are abstracted from impedance
measurements in test cylinders performed at age 193 days (Figure A.3, Appendix A). By that
grout age, evolution of properties slowed sufficiently to permit reasonable comparison of
resulting model simulations with the tendon segment data obtained at 166 days.
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Sensing Plate on Sound Grout Region

Sensing Plate on Air Void Region

Figure 4.10 Real, imaginary and modulus impedance values for Specimen #1 B,
grout age 166 days. Black: Experimental. Red: Model (0.5 mm grout thickness
chosen for void region).
The experimental and model values of the real, imaginary and modulus of the impedance
for the sound grout condition are in excellent agreement, attesting to the adequacy of the
parameter values shown in Table 4.1. There is as expected an elevation of impedance at 180 o,
where grout thickness between duct wall and strand envelope is highest, with respect to the
values near 0o where grout thickness is the lowest. The elevation was slight in relative terms for
the imaginary component and for the modulus of the impedance, because of the impedance of the
duct wall. The latter was dominant, as expected much greater than that of the grout and nearly
constant as function of angle. The elevation for the real component, which is introduced by the
grout as it has an ohmic contribution not encountered in the duct polymer, was stronger in
relative terms. That stronger differentiation would be advantageous for detecting grout
deficiencies, if sophisticated laboratory instrumentation as that in these experiments were used.
However, as noted earlier field instrumentation limitations currently discourage that approach.
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The experimental results for the void portion show impedance values for the lower half of
the perimeter that are nearly the same as those seen in the sound grout portion. This is as
expected because in that region the sensing plate faces effectively the same situation as in the allsound conditions. Impedance values when rotating the plate toward the upper half, where the
void is located, were as expected increasingly higher and peaking at around 180 o at a value
substantially higher than at the sound grout region. There was also a modest, sometimes irregular
peaking of the real impedance component in that region. Initial model calculations assuming full
absence of grout in the void region resulted in accurate projections for the lower half of the
specimen. However, the modeled peak imaginary impedance values for the upper region were
about 30% higher than those experimentally observed. In contrast, the modeled real component
peak was depressed compared to the experimental result. These discrepancies were interpreted as
due to the model not including any residual amounts of grout at the inner wall of the duct in the
void region. Grout residues at the inner wall were present because the void was produced by
placing, prior to grout casting, a polystyrene foam insert, which was later dissolved with acetone
leaving the void behind. Due to size tolerances, some thin space accessible to the grout likely
existed between the wall and the insert thus allowing for a thin (e.g. in the order of 1 mm or less)
residue of hardened grout on the inner wall of the tube. Comparable surface grout residues are
expected to exist in actual grouting voids in the field due to overall grout flow smearing the inner
duct walls. To evaluate the extent to which such residue may have in the measured impedance
pattern, an abstraction of the situation was created as shown in Figure 4.11. There, the grout
residue is idealized as a thin layer of uniform thickness t L adhered to the inner wall in contact
with the void region, with the assumed layer thickness as a scenario parameter (extreme “inner
void” situations are addressed separately later on).
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Figure 4.11 Parametric investigation of effect of residual grout layer thickness t L
on model real and imaginary impedance maxima at 180 o. Horizontal lines indicate
experimental values for Specimen #1B.
Grout layer electric properties were assumed to be the same as for the rest of the grout.
Assumed thickness values for residual cases ranged from zero (no layer) to 1 mm with the
geometric arrangement shown in Figure 4.11. The results confirmed the expectation of
sensitivity of impedance behavior to the presence of residual layers. As layer thickness
increased, the peak imaginary impedance decreased, reaching the experimental value level at t L ~
0.6 mm. Conversely, the real impedance maximum increased with layer thickness, reaching the
experimentally observed level when tL < 0.1 mm. The behavior can be understood as resulting
from the availability of the added lateral ac conductive path provided by the grout layer. Because
the tL=0 case corresponds to only the highly insulating polymer duct beneath the sensing plate,
even the presence of a thin additional conductive path has an appreciable effect, which becomes
more pronounced as the layer thickness increases. Due to the assumed properties of the grout,
much of the added conductive path is ohmic in nature so the overall impedance is expected to
include an increasingly larger real component. That component is observed as well, and it is also
more prominent as tL increases. The trends in Figure 4.11 indicated that the experimental
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impedance modulus behavior was best approached with t L ~ 0.5 mm, so that value was chosen
for simulating the void region behavior with results shown on the right side of Figure 4.10.
Overall, the simulation adequately captures the main features of the impedance signature of the
void presence. The resulting values of the modeled real component are somewhat higher than
those observed experimentally, and both the real and imaginary modeled impedance values are
more symmetric around the 180o position than the experimental data. That difference is not
surprising as the model did not include provision for secondary features such as nonuniformity of
the grout thickness layer, minor grout consolidation variations, or some rotational shift of the
Styrofoam insert during grout casting.
Results of calculations to establish model output sensitivity to FEM mesh size were
supportive of the default choice used in the calculations, as detailed in Appendix B. Selected
alternative impedance modulus calculations using integrated current density on the strand bundle
instead of the sensing plate for configurations VA and VB in Figure 4.9 yielded results typically
differing by only ~2% to ~5% from each other. With the qualifications noted above, the model’s
ability to replicate the key features of the experimental impedance results and obtain insight on
the system operation was deemed to be sufficiently established, and to validate the application of
the model to explore the cases addressed next.
4.5.2 Extended Performance Evaluation
Figures 4.12-4.14 present key aspects of results of the extended performance evaluations,
and Figure 4.15 shows a summary in the form of merit figures Z R for each of the variations
examined, discussed next.
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Sensing Plate Configuration
Figure 4.12 shows the results for base cases (operation at 1 MHz) A-C. The impedance

modulus pattern with a peak at 180o follows the general trends observed in the experiments used
for model validation. Here the peak was somewhat narrower given the smaller angle domain
voids in these cases. The values of impedance modulus were greater for the more confined
current plate configurations than for the regular plate geometry, since the overall current levels
used to compute Z per Eq.(4.12) were correspondingly smaller than for the regular plate size
case, but the ratio ZR was a still relevant metric for ability to detect a deficiency through a
deviation from the background. All three sensing plate configurations provided clear detection
of Full and Outer voids. For those voids the narrow plate variation produced, as expected,
sharper and relatively higher detection peaks than with the broader, regular plate. Also, for those
voids best performance in terms of value of ZR (Figure 4.15), and of narrowness of the detection
peak was obtained with the guard plate arrangement, which succeeded as intended in focusing
the sampling current on a smaller portion of the sensing plate assembly. However, regardless of
plate configuration response to the presence of the Inner void was weak at the default 1 MHz test
frequency.
Insight on the diminished sensitivity to the inner void is obtained by examination of the
ac current path in the region containing the deficiency, Figure 4.13. There the modulus of the ac
current density, |J|, in the space between the sensing plate and the strand bundle is color-mapped
(offset log scale for better visualization) for a cross section plane on the middle of the simulated
tendon. As can be seen, much of the current from the plate flowed laterally in the relatively high
dielectric constant duct material and bypassed the inner void via the high dielectric constant,
finite conductivity grout material. Current bypass was greater for the relatively wide regular
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plate, but it was still quite effective for the narrow late configuration, so the signature for the
void presence was limited to an only minor impedance increase over the sound grout
background. The path of current from the central portion of the regular plate configuration,
which would be the portion sensed in the case of the guard configuration, did not differ much
visually from that found in the narrow plate case. Thus, current confinement was little effective
even in that case, in agreement with the inner void differentiation being still poor despite the use
of a guard electrode configuration. These observations led to the exploration of performance at
higher test frequencies, reported later on.
The narrower sensing plate and the guard electrode configurations are physical
approaches to obtain better angular resolution in the identification of grout deficiencies. The
smaller the angular span covered by the rotating plate (or by its electrically guarded portion), the
sharper will be the transition in impedance values when the plate footprint scans over a grout
deficiency. A wider plate blurs the transition, by a process analog to the convolution of
rectangular pulses (McGillem and Copper 1974; Dukeman 2019). An alternative, or supplement,
to the use of a physically narrow or guarded plate is the use of a mathematical deconvolution
procedure comparable to those used in correcting photographic motion blurring. At present the
TIU system does apply deconvolution to the magnetic data to improve imaging the strand bundle
envelope (Freij et al. 2019; Dukeman et al. 2019). Implementation of a similar treatment for the
impedance information is being proposed for future development.
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Regular

Narrow

Guard

Figure 4.12 Modulus of impedance vs angular position at 1MHz for the Full,
Outer, and Inner void configurations. The plates used were 5cm x 5cm (Regular),
2.54 cm x 5cm (Narrow), and Guard arrangement.
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-1.7

-2

-2.3

Figure 4.13 2D central cross section map of distribution of ac current density
(represented per log10(|J|·m2/A + 0.1)) at 1 MHz, for an Inner void (Case C)
using the Regular 5cm x 5cm (left) and the Narrow 2.54cm x 5cm (right) sensing
plates. Both maps have the same -2.3 to -1.7 value range.


Void Filling
Figure 4.14, left panel compares the 1 MHz result of base case A with those where the

void space is filled with DW and CW respectively. A logarithmic impedance scale is used for
ease of comparisons for the rest of the simulation results. The impedance profile for the DW fill
is little different from that of a deficiency-free, sound grout condition, as it can be further
appreciated by the very low corresponding ZR value in Figure 4.14. That observation can be
explained by observing the result of applying to Eq. (4.16) the Table 4.1, 1 MHz dielectric and
conductive parameter values of each material. At that frequency the poorly conductive/high 
DW has an impedance modulus quite close to that of sound grout, which has a somewhat smaller
 but a substantial finite conductivity value. When those values are combined in series with the
dominant higher impedance of the polymer duct, the result is nearly the same for DW and sound
grout. In contrast, for the CW void fill there is a clear dip when the sensing plate straddles the
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deficiency, reflecting the higher conductivity of the medium and its consequence on application
to Eq.(4.16). The CW differentiation from sound grout at this base case frequency of 1 MHz is
nevertheless still small (ZR = ~ 0.03), reflecting the dominant high impedance of the polymer
duct. These model- calculated trends match closely 1 MHz experimental trends reported later on
in Chapter 5 when assessed with the TIU for Specimens #1A and #1B when the void space was
filled with water approximating the DW and CW conditions. The noted limited sensitivity to
water filling at the 1 MHz test frequency created interest in finding other sensing regimes where
that condition could be better differentiated. Projection for behavior at higher sensing
frequencies provided encouraging results as detailed next.

Figure 4.14 Modulus of impedance (log scale) vs angular position for air -filled
Full, Outer, and Inner voids, and water-filled full voids, for three different test
frequencies assuming CPE grout impedance behavior.
Regular 5cm x 5cm sensing plate.
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Test frequency
Figure 4.14 illustrates the projected effect of extending the test frequency to higher values

on the ability of the system to detect grout deficiencies. As expected from Eqs. 4.14-4.16 the
overall measured impedance decreases in approximate proportion to the increase in frequency.
That decrease by itself is not a problem for signal measurement and processing, as the parameter
of interest is the relative differentiation ZR of the measured impedance of sound and deficient
grout conditions. A log scale is used in the impedance axis to better visualize relative changes as
frequency increases. From Figures 4.14 and 4.15, it can be seen that for the regular plate
configuration the full and outer voids had reasonably strong Z R values at 1 MHz, and that those
remained so at the higher test frequencies albeit slightly decreased. In contrast, Z R for the inner
voids improved substantially as frequency increased, from a marginal 0.04 value (Z EX only
~>10% greater than ZBG) at 1 MHz to 0.13 (ZEX ~35% greater than ZBG) at 500 MHz. Notably,
sensitivity to the presence of both DW and CW increased strongly as well with frequency
elevation. Similar projected improvement can be seen in Figure 4.15 for the other sensing plate
configurations examined, especially for the guard sensing plate arrangement.
The mechanism responsible for the projected improvement with increasing test frequency
rests on assuming that the grout impedance retains at higher frequencies the CPE behavior that
was noted in the measurement results reported in Appendix A. Because of the fractional
frequency dependence of the CPE component, with n ~0.7, the modulus of the grout impedance
decreases with increasing frequency at a rate that is lower than the corresponding decrease of the
duct impedance, which is simply inversely proportional to increasing frequency. The effect
becomes substantial with large increases in frequency, as in the chosen cases of 10 and 500
MHz. Consequently, as indicated in section 4.1, variations in grout space impedance due to
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deficiencies (either empty or filled voids) play a proportionally greater role at the higher test
frequencies in the value measured with the sensing plate. That greater role is manifested by the
noted increase in ZR for those cases.

Figure 4.15 Deficiency detection figure of merit ZR (higher is better) for cases assessed arranged
per void nature and fill, test frequency, and sensing plate configuration. Values above the dotted
line indicate better likelihood of detection.
The improved sensitivity to deficiencies at higher frequencies was not limited to the
situation narrowly examined by assumption of CPE grout behavior. Figure 4.16 compares model
projections for air void simulation cases using parameters derived from the CPE assumption in
Appendix A (A1), and abstracted from dielectric-conductivity data from actual 500 MHz
measurements in concrete, as a proxy for grout by Soutsos et al. (2001) (S). While there is some
modest offset between both sets of projections, the relative values for the three void categories
are quite close indicating similarly improved sensitivity to the presence of the inner void; Z R
values for Full, Outer and Inner voids were 0.21, 0.14 and 0.12 for A1, and 0.19, 0.11 and 0.11
respectively for the A1 and S projections.
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500 MHz

Figure 4.16 Comparison of impedance projections for void deficiencies at 500
MHz using grout parameters calculated per independent experimental parameters
by Soutsos et al. (2001) (S) , and the CPE assumption in Appendix A (A1).
4.6 Summary
The validation tests justified the use of the model to address the open issues of interest,
which provided useful insight for the interpretation, application and path forward of the grout
assessing impedance technique considered here (Freij et al. 2019; Dukeman et al. 2019). The
parameter ZR served as a convenient rubric for the ability of the method to detect grout
irregularities. Roughly, if ZR was much less than 0.04 (ZEX ≪ ~10% away from the value for
ZBG) the differentiation between the deficiency and background impedance indications was too
poor for reliable detection.
For the present practical methodology implementation (Dukeman et al. 2019; Dukeman
2019) that uses a 1 MHz operating frequency and regular 5cm x 5cm sensing plate, the above
rubric indicates that full or external voids, which were projected by the model to yield Z R ≥ 0.2,
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can be readily detected and displayed for easy interpretation. Such case is exemplified later with
the TIU method in Chapter 5, where a void was flagged in a display where color density at each
angular position of the plate was made to be proportional to the difference between local
impedance modulus, and impedance modulus of the sound grout region. In contrast, for the
present 1 MHz practice the projected differentiation for a conductive water void yielded only Z R
~ 0.03. For that case, while a coloring scheme is still possible for deficiency flagging (Chapter
5), the identification is subject to considerable uncertainty. The projected prognosis for detection
of a dilute water fill was even poorer, as confirmed by other experimental findings shown in
Chapter 5 (Dukeman 2019). Identification of inner voids at 1 MHz is subject to similar low
sensitivity and uncertainty.
The calculations did nevertheless reveal likely avenues for improved performance. One
such approach is the use at 1 MHz of a narrower sensing plate, or preferably a guard plate
arrangement, which increased projected angular resolution as well as Z R values. However, the
values of ZR projected for the inner void still remained much lower than those for the full or
outer void cases. Another, potentially more promising approach, was elevating the test frequency
to values near the GHz range. The projected benefit was to substantially increase sensitivity to
inner voids and both dilute and conductive water, thus accordingly reducing uncertainty in the
imaging display of grout anomalies.
The above findings encourage future developmental research in refining sensing plate
shape and electronic control hardware to achieve a narrow or guard plate configuration, as well
as modifying sensing circuitry to generate excitation signals and process impedance
measurements at elevated operating frequencies. Introduction of impedance profile
deconvolution procedures is anticipated to further improve imaging accuracy.
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CHAPTER 5:

Chapter 5: Integrated Magnetic- and Impedance-Sensing Tendon Imaging Unit
Chapter 5: Integrated Magnetic- and Impedance-Sensing Tendon Imaging Unit

5.1 Concept
This chapter addresses the implementation of the outcome of chapters 3 and 4 into a TIU,
with the concept illustrated in Figure 5.1.

-

Figure 5.1 Illustration of a field implementation concept.
The conceptual system contains a ring with the magnetic strand imaging module and an
impedance grout deficiency imaging module across from it. The ring rotates around the tendon
manually, and is configured in a clamshell arrangement so it can be placed around one end of the
tendon, rotated a full turn, slid down to the next position of interest where another measurement
can be taken, and repeated incrementally until the TIU reaches the other end of the tendon. At
each position the information from the impedance module is combined with the strand pattern
obtained from the magnetic module. Signal conditioning and initial processing take place on an
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onboard electronic board placed at the unit. Further processing is handled by software at a
computer linked to the traveling combined modules by a signal cable (which can be readily
replaced by wireless operation in future development). The result is a visual representation of the
tendon cross section at selected distances from the initial scanning position, with flagging of
grout deficiencies for the positions along the tendon where the deficiencies were identified.
5.2 Integrated Device
A TIU was created per the concept described in the previous section. The TIU combined
simultaneous impedance measurements with magnetic measurements of the strand bundle
envelope, integrated to produce an image of the tendon cross section flagging strand deficiencies.
A 3-D printed polymer ring placed around the tendon contained one magnet fitted with a radial
force sensor, and a flexible metal plate (nominally 5 cm x 5 cm) at the opposite side of the ring.
Figure 5.2 shows the schematic of the electrical components used in the TIU. Per Dukeman et al.
(2019) a microcontroller compiles and sends data to the laptop computer per operator prompts.
The impedance module has a driving circuit that has a 1-MHz signal generator. The signal goes
to a DC isolating radio frequency (RF) transformer that feeds an RF bridge provided with a diode
rectifier. The rectified and filtered bridge output is then read by an analog-digital converter
(ADC) board that communicates with the microcontroller. The magnetic strand position
detection module has a four wire micro-load cell. A magnet is epoxied to a stainless machine
screw and attached to the threaded, free end of the load cell. The height of the magnet is set with
an additional tapped hole in the side of the free end of the load cell for a set screw. The output
from the board goes to the microcontroller. Readings of the accelerometers and high-precision
gyroscope are used by the computer to determine tendon inclination and angular position of the
TIU. As a result, no physical contact with a riding wheel or similar transducer is needed for
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angular position tracking (which had been used in a previous version of the magnetic imaging
method as described in Chapter 3). Figure 5.3 shows that physical arrangement schematically,
while Figure 5.4 shows the actual unit.

TIU

Figure 5.2 Schematic of laboratory prototype components. The dashed rectangle
is contained in the TIU which is then connected to the computer with a single
USB cable.
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Closed Shell View

Figure 5.3 Schematic diagram of the TIU physical arrangement. (Dukeman 2019)
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Figure 5.4 Axial view of TIU (A) and illustration of placement on a 114 mm
diameter tendon (B), showing small overburden over the tendon radius.
The impedance plate was robust and articulated, ensuring close contact with the duct
surface with low friction. That arrangement could also accommodate tendons with an elliptical
cross section up to a major/minor axis ratio of 1.1. An on-board impedance measurement device
obtained the modulus of impedance between the plate and the strand bundle. The device included
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an ac signal generator and a voltage divider-rectifier circuit that produced a dc signal
proportional to the plate-strand bundle impedance. Per the discussion in Chapter 4, an operating
frequency of 1 MHz was used providing a practical working compromise between adequate
sensitivity to grout space property variations and simplicity of implementation (Dukeman 2019;
Dukeman et al. 2019; Freij et al. 2019). Accelerometer and gyroscope sensors mounted in the
ring kept track of angular position and provided data to adjust for gravity and acceleration
effects. The entire clamshell-mounted unit body was ~180 mm diameter and ~110 mm long.
These compact dimensions and resulting small overburden on the tendon radius enabled imaging
to extend to tight spots close to other tendons, structural walls, and anchoring or deviation block
terminations. A slender data cable reported measurement results to a monitoring and display
computer. An additional trailing cable connected the impedance circuit ground directly to bridge
ground and hence to the strand bundle (which is normally grounded in U.S. construction). It was
found also that bridge ground could often be practically replaced with a metal plate positioned
with enough capacitive coupling to the bridge segment floor, or even made unnecessary due to
residual capacitive coupling to the surrounding structure via the data cable and the computer
(Dukeman et al. 2019). Other alternative ground schemes are possible which can be addressed in
future development. For example, in the form of a short (e.g, 10 to 30 cm long) lightweight metal
sheet sleeve loosely fitted around the tendon can be placed immediately leading ahead or trailing
behind the TIU. Because of its large capacitance to the tendon body compared with that of the
sensing plate, that sheet functions as a practical ground connection.
Rotating the ring one full turn around the tendon produced simultaneous 360 o angular
profiles of the magnetic force and impedance modulus, which were registered to correspond to
the values for coincident angular positions and stored in a data file. Impedance and angular
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position data acquisition rate was 10Hz. In the computer, the magnet force data were converted
to strand bundle envelope positions per the procedure described in Chapter 2, and a polar map
was produced detailing the envelope boundaries in the tendon cross section. Impedance data
were processed as well, as described later on, yielding a color-coded map of the space between
the inner duct and strand bundle according to grout condition. Typically, a full rotation scan and
associated image display was completed in just 10 sec. The procedure yielded a set of less than
100 data points that were properly parsed based on the gyroscope readings, so that the displayed
pattern was nearly insensitive to variations in rotation speed that may have taken place during the
image acquisition.
Importantly, the entire unit and housing was made with readily available components and
ordinary 3D printing equipment. Thus, the TIU can be quickly and inexpensively replicated if
multiple units need to be deployed at a field site for either routine or emergency assessment.
Such deployment is further facilitated by simplicity of operation that does not require specialized
personnel, has compact dimensions and fast display of results. Field deployment is further
addressed in the additional evaluations section 5.4.3.
5.3 Performance Evaluations
5.3.1 Main Evaluation
The main evaluation of the combined imaging approach was conducted with tendon
segment specimens #1A, #1B, #2, and #3. These specimens are described in detail in Appendix A.
It is noted that specimens #1A, #2 and #3 were featured as well in the supplemental experiments
of Chapter 3. Specimens #1A, #1B, and some of the test conditions, were featured in the
experimental and finite element computational section of Chapter 4.
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The tests were conducted at ambient laboratory temperature (~22 oC) and included the
following conditions:


Sound
Tendon cross section with normal, sound grout fill. For the laboratory tendons this

condition was examined by operating the rotating sensor centered on an axial position on the
tendons halfway between the edge of the central void and the end of the tendon. Thus, the sensor
was centered on a sound grout region ~ 1.5 tendon duct diameters clear from any variation. For
the field tendon the sensor was centered on tendon axis point ~30 cm away from the edge of the
void region, with a clear sound region > 3 tendon duct diameters.


Void
Cross section with an air-filled void with dimensions indicated in Figure 3. Image

acquisition was performed with the sensor centered on the center of each of the pictured voids
and for all specimens.


Unhydrated Grout
As in the void condition but with the void space filled with unhydrated dry grout powder,

simulating an unmixed grout plug extreme condition sent into the tendon. The unhydrated
powder had a density of 1.2 g/cm3 (Freij et al. 2019). Examined only with the #1 A and #1B
replicate specimens; the powder was removed afterwards.


Dilute Water
As in the void condition, but with the void space filled with a mildly alkaline water

solution with pH (as determined with pH color-indicating paper) ranging from 8 to 10 depending
on prior condition of the void space. This solution is made by inserting deionized water in the
cavity and allowing interaction for ~15 minutes with the grout at the cavity walls or residual
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unhydrated grout particles from a previous test condition. The condition explored the ability of
detecting the outcome of an extreme water segregation event during grout preparation, which
would have resulted in only minor ionic species presence. Examined only with the #1 A and #1B
replicate specimens; tests conducted 15 minutes after introduction of water into the void, after
which the water was drained away.


Concentrated Water
As in the void condition, but with the void space filled with a highly alkaline NaOH

water solution (pH~13.5, ~0.3M NaOH, resistivity ~ 20 -cm). This solution is a simplified
analog of the pore water often encountered in cementitious systems, where K and Na cations
create a highly alkaline mixture with high electric conductivity (Li and Sagüés 2001). The
condition may resemble a void filled with bleed water or similar high ionic content liquid
segregation that took the place of otherwise sound grout. Examined only with the #1 A and #1B
replicate specimens; tests conducted 15 minutes after introduction of solution into the void, after
which the solution was drained away. This condition was evaluated after the Dilute Water tests.
5.3.2 Additional Evaluations
Additional evaluations included validation against a penetrating radiation method (GRT),
consideration of the model findings from Chapter 4, and of the results from field demonstrations
from a related project.
The GRT validation evaluation is described in Appendix C. There tests were conducted
with four cast mock-up tendons configured as variations of laboratory specimen ‘#2’,
incorporating various grout deficiencies. The TIU images were compared with results from stateof-the-art GRT (Mariscotti et al. 2009) cross section images of the same specimens. The field
investigations were conducted in segmental bridges under a separate investigation and described
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in detail in the report for that project (Dukeman et al. 2019); those findings will be referenced
here.
5.4 Results and Discussion
5.4.1 Main Evaluation: Grout Deficiency Detection
Overall trends of impedance measurements and reproducibility are illustrated in Figure
5.5 for the results from replicate specimens #1A and #1B. There the impedance modulus |Z| is
shown as a function of angular position of the sensing plate center, with 180 o corresponding to
the apex where the thickest grout space, or alternatively the highest void space is located per
Figure A.1. Trends were generally the same in separate specimens prepared in the same manner,
attesting to reproducibility of the technique and findings. Variation in one case (Dilute Water,
discussed last) was ascribed to preparation differences. Additional tests, not shown in the figures,
consisted of immediately consecutive measurements for each condition and specimen (including
as well specimens #2 and #3 that are addressed later on) so as to assess repeatability. It was
evaluated as the root mean square relative difference (in percent) between the impedances
measured in the consecutive tests, computed at regular interpolated intervals over 360 o. Results
ranged from 0.28% to 5.35%, with 1.68% on average. Those indications of data stability were
deemed sufficient for useful application of the method in the conditions evaluated here, and for
pursuing the following discussion.
For the Sound condition, the impedance modulus |Z|, varied modestly around the duct
perimeter, with only a faint maximum near 180o. This is as expected since the dominant
impedance is that of the duct wall, which is nearly constant around the tendon. As shown
elsewhere (Freij et al. 2019) and in Chapter 4, |Z| for the wall is of significantly higher value (in
the order of 10 k for the frequency, duct wall thickness, and plate dimensions used) than that of
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the sound grout space (about 1 order of magnitude smaller). The maximum is more visible in the
magnified plots shown in the lower part of the figure and reflects the grout space at 180 o being
about 3 times greater than near 0o, due to the crowding of the strands near the bottom.
Much stronger detection differentiation was obtained for the Void condition. In both
specimens, there was a pronounced maximum in |Z| near 180o, to about two to three times the
value at the opposite end of the perimeter (~ 0o) where only sound grout is present. That extent
of increase is consistent with the estimates made in previous work performed by Freij et al.
(2019), keeping in mind that some ac current diversion would take place by coupling with the
conductive path on the sides of the void. The value of |Z| at 0 o was nearly the same as for the
sound condition when it existed over the entire perimeter. The impedance maximum was
moderately shifted in both specimens from an ideal 180o angle. This behavior, confirmed in
repeat tests, likely reflected some degree of specimen construction deviation on void forming and
casting.
The Unhydrated Grout condition resulted also in a strong differentiation from the Sound
case, with a marked maximum near 180o, about 2/3 of the magnitude observed with the full Void
condition. The high impedance of the unhydrated grout with respect to that of the sound,
hydrated grout is to be expected on various considerations. The amount of cementitious mass per
unit volume is significantly less than that of hydrated grout due to the granular structure without
fluid accommodation assistance, so any dielectric behavior inherent to the cementitious
components is correspondingly reduced. Importantly, the high dielectric contribution from the
presence of water is absent in the unhydrated grout, and electrolytic conductivity is also absent
without the presence of water. Thus, the impedance of the unhydrated grout is that of a nonconducting granular material with effective average dielectric constant only modestly higher than
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that of air. The overall effect was an impedance modulus values in between those of sound grout
and a full void, somewhat closer to the latter, and in any event clearly detectable.
The Concentrated Water fill condition yielded impedance values near 180 0 that were
moderately but consistently lower than those of sound grout in the same region, as shown in the
enlarged Figure 4 bottom graphs. This differentiation reflected the high dielectric constant of
water (near 80 compared to a value ~ one order of magnitude lower for sound grout (Freij et al.
2019)), combined with strong ionic conductivity from the ~0.3 M dissolved NaOH. Those
factors markedly lowered the impedance of the filled space compared to that of sound grout,
resulting in the dip measured near 180o. It is noted that the water closely filled the entire void
space, leaving no significant gap near the inner duct surface and therefore allowing for the
presence of the highly permittivity/conductive medium to be manifested in the measured
impedance changes. The overall relative effect however is limited, because of the constant
presence of the duct wall and its high series impedance component. Consequently, unlike the
cases of the void or unhydrated grout, the change is only in the order of 10% to 20% of the sound
grout case total impedance, so sensitivity to the presence of the simulated bleed water is
accordingly only moderate. The impedance response for the lower, normal grout portion of the
specimen was, as expected and as in the other cases, much closer to that encountered for the
same region in the Sound condition.
The response to the Dilute Water condition was in one of the test specimens (#1) quite
close to that for the concentrated water, while for #1B it was somewhere intermediate between
the Sound and the Concentrated Water conditions. This behavior is consistent with the
circumstance that #1A was tested immediately after completing the unhydrated grout tests.
Interaction with residual grout particles elevated the solution pH (to~10), evidencing ionic
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enrichment and corresponding decrease in solution resistivity and lower impedance of the
intervening space. In contrast, water introduction in specimen #1B took place at a time when the
inner space had experienced prior flushing, resulting in only a mildly alkaline solution (pH ~ 8).
Thus, only the impedance decrease associated with the high dielectric constant of water appears
to have been of importance. That dielectric effect although diminished was still evident when
contrasted with the Sound grout condition, so the impedance measurements showed reasonable
potential for detection of a free water condition even when ionic content was minor.
Specimens #2 and #3 where evaluated only in the Sound and Void conditions, with
results of comparable pattern and magnitude to those documented for #1 A and #1B. For brevity,
those findings will be presented next as recovered image displays.
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Figure 5.5 The top graphs show the modulus of impedance in k vs the angular position for
tendons #1A and #1B, age 734 days for each of the conditions examined.
The lower graphs detail, in expanded scale, the impedance decrease relative to
that of Sound grout when the void is filled with each of the water conditions
evaluated.
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5.4.2 Main Evaluation: Combined Strand and Grout Imaging
The cross-sectional image display generated by the TIU is exemplified by the patterns in
Figure 5.6. The outer black ring is scaled to correspond to the actual dimensions of the polymer
duct. At each rotation angle, the radius line from the center to the inner part of the polymer duct
is divided into two segments. The inner region, colored green extends from the center of the duct
to the steel strand envelope, which is located at each angle at the radius value determined by the
magnetic sensing method described in Chapter 3. The outer segment extends from the strand
envelope radius until the inner surface of the duct.
Coloring for the outer segment can be conducted in a variety of schemes, two of which
(named Graded and Discrete) were selected for implementation in the TIU. Both provide
equivalent information and selection depends on user preference, depending on the degree of
visual contrast desired. In Chapter 6 the Discrete scheme is used. This chapter illustrates the
Graded scheme as follows. The outer segment is colored white for an impedance value at that
angle indicative of fully sound grout condition, solid red for a full void indication, or solid blue
for indication of a highly conductive medium such as bleed water. Intermediate impedance
values that would be obtained between full void or fully sound grout indications, such as the case
a partial void or the transition between a void and sound grout, receive a correspondingly
intermediate shade between red and white. Conversely, intermediate conditions where
impedance decreases with respect to that of sound grout, for example highly dilute water, or
grout with a high water/grout ratio, receive a corresponding shade between blue and white.
Graphically joining the radial segments into a polar diagram creates the displayed image of the
cross section with visual flagging of grout deficiencies and their character and extent.
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For appropriate mapping with reasonable noise rejection and simplicity of interpretation,
a calibration and proportioning procedure was established. Calibration is ideally performed when
having access to a portion of the tendon to be assessed, or of a tendon representative of a
population of similarly constructed peer tendons, having a reasonable expectation of containing
grout absent of deficiencies. In that case, the TIU is placed on the tendon and an angular
impedance profile is obtained. That profile is anticipated to show only modest variation,
exemplified by the data for the Sound condition in Figure 5.5. For simplicity that variation is
ignored and the average value of |Z| over the 360 o interval is computed and named ZS. For noise
rejection, the sound condition (white, 111 in a computerized RGB coloring scheme (Matlab ®))
is assigned to any angular position that yields |Z| readings within a band extending from Z S(1fLB) and ZS(1+fUB). Examination of the data from the specimens examined here and from
additional tests (Freij et al. 2019) suggested optimal values f LB = 0.05 and fUB = 0.15. Similar
examination suggested that usefully descriptive coloring may be assigned to |Z| values ≥
ZS(1+fFV) for full void conditions (red, 100), and to |Z| values ≤ Z S(1-fCW) for high conductive
water content conditions (blue, 001), with fFV =1.5 and fCW = 0.18. Intermediate conditions are
then assigned proportional coloring, for example 1XX with X linearly sliding between 1 and 0
for the impedance interval ZS(1+fUB) to Zs(1+fFV) respectively.
The results are a highly-descriptive visualization of the inside cross section of the tendon
with identification of grouting anomalies.

The top part of Figure 5.6 displays the results

obtained with Specimen #1B, clearly differentiating the conditions discussed in the previous
section, and in the context of the position relative to the strand presence in the cross section. It
should be recalled that, as stated earlier, differentiation is less precise for grouting issues that
result in lowered impedance relative to that of sound grout. Similar graphs for Specimen #1 B
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adequately flag the presence of water but show similarly strong color intensity for both the dilute
and the conductive variations. The lower part of Figure 5.6 shows the results for the larger
diameter tendon samples #2 and #3. There the position and presence of a full void is also
successfully identified in both cases, even in the case of the actual bridge tendon (#3) when the
void is associated with a relatively small grout space thickness. Alternative display modes of the
same information can be used as well, for example as in Freij et al. (2019); and Dukeman et al.
(2019) and Appendix C. There the outer radial segment is divided into two parts, with the inner
part white. For a void indication, the part closest to the duct wall is colored solid red and
occupies a fraction of the outer radial segment length proportional to how much a full void
condition is approached. For an elevated grout conduction condition, a complementary solid blue
scheme applies. The result is a faux designation of anomaly position (always close to the duct
wall) but with a bold color pattern for easier flagging of marginal cases.
It is noted that the magnetic sensor consistently recovered the general shape and
dimensions of the strand bundle envelope, as can be seen by comparison with the actual strand
placement. Some deviations from precise recovery existed, mainly in the laboratory specimens,
whereby the size of the bundle was modestly overestimated at angular positions further removed
from the duct wall. This deviation has been ascribed to the relatively high magnetic permeability
of the grout used to prepare the tendon samples, which resulted in a minor increase in the
magnetic force on the sensing magnet with consequent underestimation of the strand-magnet
distance. Similar effects have been noted in rebar location sensors when working certain
cementitious material (Presuel-Moreno and Sagüés 2009) and corrective formulas to minimize
this source of strand position uncertainty were developed and discussed in detail in Chapter 3.
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This issue has been treated further and with additional imaging representations for specimens
#1A, #2 and #3 in Chapter 3 of this investigation.

Figure 5.6 Cross sectional images for Specimens #1 B, #2 and #3.
Conditions Sound (S), Void (V), Unhydrated Grout (UH), Conductive Water
(CW) and Diluted Water (DW). Green: Strand bundle. Red: Full void. Blue:
Water. Shape and size of voids approximately delineated by dashed lines. Field
tendon #3 cross section was slightly elliptical (major/minor axis ratio ~1.1); cross
section diagram approximated for visual simplicity as circular shape.
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5.4.3 Additional Evaluations
Reference is made to Appendix C for the additional evaluation of the TIU vs GRT with
the results summarized here. Generally, the TIU provided viable and reliable strand envelope
information, comparable to that provided by GRT in its normal resolution. The TIU also detected
full and outer voids, providing comparable results to those of GRT, but neither method
adequately sensed a small inner void. The TIU provided only a limited indication of the presence
of a water filled void, while GRT indicated the presence of a fill with the density of water.
Overall, it was concluded that the TIU replicated much of the strand arrangement and grout
anomaly information given by the well-established GRT method. The latter provides superior
performance, but at significant cost, safety control needs and time requirement by a trained
specialist processing multiple exposure information. In contrast, the TIU produced nearly
instantaneous imaging with minimum operator requirements and equipment cost.
For field evaluation (Dukeman et al. 2019) the TIU was deployed to the John Ringling
Causeway Bridge in Sarasota, Florida and tested on two external field tendons that had been
examined previously by other means (Lau 2018). Prior repairs had replaced other tendons in the
bridge that had clear signs of distress, so based on that and on the earlier testing the remaining
tendons were deemed not likely to have severe grout deficiencies. Consistent with that
expectation, the TIU identified only normal grout there. The tests nevertheless demonstrated the
ability of the TIU to obtain reliable and repeatable cross-sectional images of the tested tendons,
with clear differentiation of strand envelope patterns. Ease of operation by non-specialist
personnel with minimal training, and ability to provide nearly instantaneous images in a field
setting by a robust unit with no breakdowns, were demonstrated as well.
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Reference is made to the work reported in Chapter 4 where the findings of computer
modeling were assessed in detail, mentioned here as an extension for completeness. The findings
and conclusions of the modeling are consistent with the experimental work presented here in this
chapter. Those findings mutually support the impedance response to sound, void filled with air,
or water. The modeling and TIU give a coherent picture of the impedance response of the grout
to the different conditions. From the modeling, at 1 MHz test frequency either full or outer voids
yielded strong enough impedance pattern differentiation to clearly flag their presence. However,
inner voids were only weakly manifested in the impedance response. That low sensitivity was
ascribed to the combined effect of some bypass of the ac current by grout paths on either side of
the void, and masking from the large impedance of the polymer duct as noted in the Introduction.
Nevertheless, model projections based of non-ideal dielectric properties of the grout indicated
that at much higher test frequencies (e.g., 500 MHz) the disparity between impedance of the
grout space and that of the grout becomes smaller, with consequent improved detection of inner
voids. Operation at higher frequencies is consequently planned for future developmental work.
5.4.4 Closing Remarks
The TIU introduced here is a nondestructive tendon cross section imaging method that
can be readily deployed in the field for sensing grouting deficiencies that have been associated
with damaging corrosion deterioration. The method is rapid, economical, easy to replicate, with
low physical overburden on the tendon to be examined and requires little operator training. The
approach represents a desirable balance between sophistication and equipment / operation costs.
Thus, in practical circumstances this technology could make timely assessment of a large
inventory of tendons in a bridge possible, where application of other technologies could have
been prohibitively expensive and slow, or limited to only a small selection of tendons. The
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technology is amenable to improvement in various areas, including optimization of the operating
frequency, use of multiple sensors to minimize or avoid the degree of rotation needed to obtain
an image, automatic motorized operation, and similar features while remaining economic.
Further development research to that end is in progress.
5.5 Summary
An integrated imaging procedure for grout deficiencies in external tendons was created.
A magnetic -based method was used to determine the location of the strand bundle envelope and
impedance measurements were used to identify grout deficiencies within the space between the
strand bundle and the tendon duct.
The grout condition assessment used high frequency (1 MHz) impedance measurements
between a plate rotated around the tendon duct. Results of prototype experiments were validated
against known grout and steel strand configurations of tendon test segments.
Segments with sound grout yielded midrange impedance values that were used as a
baseline. Full grout voids were manifested by increased impedance values, while voids filled
with water produced lower values. Regions of unhydrated grout showed impedance values that
were between those of air voids and sound grout.
The magnetic and impedance sensors were physically integrated in a tendon imaging unit
(TIU) suitable for field measurements in actual bridge tendons. The TIU produces a color-coded
image of the tendon cross section rapidly displaying the position of the strand bundle and the
condition of the grout. The method is rapid, economical, easy to replicate, with low physical
overburden on the tendon to be examined and requires little operator training.
In a related study to perform critical validation tests, TIU image results of mock-up
tendons with various grout deficiencies were favorably compared with results from state-of-the-
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art gamma ray tomography scans for the same samples. Another related investigation revealed
the potential for improved detection of inner voids by use of higher operating frequency.
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Chapter 6: Accomplishments and Directions for Further Research
Chapter 6: Accomplishments and Directions for Further Research

CHAPTER 6:

6.1 Conclusions
1.

An integrated imaging procedure for grout deficiencies in external tendons was created.
Magnetic measurements were used to determine the position of the strand bundle and
impedance measurements were used to detect grout deficiencies in the space between the
strand bundle and the tendon duct.

2.

Strand bundle position was successfully determined by measurement of force acting on a
magnet that rotated around the tendon. Force data were Fourier-transform deconvoluted
and converted into radial distance using a power law approximation abstracted from finite
element modeling.

3.

The strand image recovery was experimentally validated against known configurations of
tendon test segments. A laboratory prototype produced reproducible and accurate results.

4.

Finite element modeling developed correction factors to compensate for some grouts
having ferromagnetic material that introduce added force and alter the strand bundle
image. A simplified correction scheme was developed and implemented.

5.

Grout condition assessment was implemented with high frequency (1 MHz) impedance
measurements between a plate rotated around the tendon and the strand bundle. Prototype
results were validated against known grout configurations of tendon test segments.

6.

The impedance response for various grout conditions confirmed anticipated behavior.
Tendon segments with sound grout yielded midrange impedance values, that were used
as a baseline. Full grout voids were manifested by increased impedance values, while
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voids filled with water produced lower values, although less clearly manifested. Regions
of unhydrated grout showed impedance intermediate between empty voids and sound
grout.
7.

To explore a wider range of grout conditions finite element computer models were
created and validated against the prior experiments. Modeling determined that grout
anomaly detection was not critically sensitive to precise plate configuration and size, and
that partial voids reaching to the duct surface (outer voids) had impedance signature
comparable to that of full voids. However sensitivity to the presence of inner voids was
low at the operating 1 MHz frequency where the impedance of the duct wall dominates.

8.

Modeling combined with data on the impedance properties of mature grout showed that
detection of inner voids and of the presence of water might be improved by increasing
operating frequency to 500 MHz. The improvement was ascribed to higher frequency
dispersion in grout compared to that of the duct material, making the duct impedance less
dominant at the higher frequencies.

9.

The magnetic and impedance sensors were physically integrated in a tendon imaging unit
(TIU) suitable for field measurements in actual bridge tendons. The TIU produces a
color-coded image of the tendon cross section rapidly displaying the position of the
strand bundle and the condition of the grout.

10.

As a critical validation test, TIU image results of mock-up tendons with various grout
deficiencies were compared with results from state of the art gamma ray tomography
(GRT) scans for the same samples. The TIU provided viable and reliable strand envelope
information, comparable to that provided by GRT in its normal resolution. The TIU
detected full and outer voids, providing comparable results to those of GRT. Neither TIU

100

nor GRT adequately sensed a small inner void. The TIU provided only a limited
indication of irregularity in a water filled void (consistent with other laboratory tests),
while GRT indicated the presence of a fill with the density of water.
11.

On comparative functioning, the TIU method provides nearly instantaneous imaging with
minimum operator requirements, while GRT in its present form of a custom service
requires multiple exposures and customized post-processing by a specialist as well as
radiation precautions. GRT spot calibration of a TIU may be desirable in cases that
include large tendon inventories.

6.2 Directions for Further Research
1. Future development of the TIU should include a refinement by introducing a correction
factor that normalizes the displayed result to a chosen standard grout space thickness. An
initial, simplified approach could consist first of determining a nominal value of the
contribution of the grout to the measured value of |Z| at each angle, by subtracting from it
a nominal amount representing the nearly constant impedance modulus contribution the
duct. The latter could be obtained from known data on the duct material and wall
thickness. The resulting value would then be multiplied by a correction factor consisting
of the ratio of the measured thickness of the grout space at that angle, obtained from the
strand envelope data at each angle, over a constant standard thickness chosen as a
reference. The corrected grout impedance value would then be added to the nominal duct
impedance to obtain an adjusted value of |Z|, which would then be used as the
determining parameter for the color scheme. This approach would ignore the phasor
nature of impedance combinations in the system, producing only a relatively crude
correction. A more sophisticated approach for subsequent development would take into
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consideration the more accurate complex representation of both the duct and grout
impedance contributions. Further sophistication would consider geometric convolution
effects such as those detailed in the next item.
2. For improved spatial resolution follow up research should address deconvolution of the
impedance data measured by the TIU, which at present reflect the convolution resulting
from the overlap of the sensing plate and the deficiency to be detected. Given the large
angular span of the plate the transition boundary between a deficiency and sound grout
becomes blurred, in a manner comparable to that of a convolution of a step function with
a boxcar kernel (McGillem 1974; Dukeman 2019). First steps in that direction can treat
both shapes as boxcar functions and develop algorithms for obtaining a more accurate
graphic representation of simple grout anomaly geometries such as a full void with a
sharp transition from sound grout at a given angular position. However, difficulties may
arise since deconvolution in those cases can create ringing artifacts, requiring de-noising
or application of a frequency buffer function such as those found in a MATLAB ®
toolbox. More complex geometries may require prior reliable resolution of the direct
problem, starting with detailed 3D finite modeling of the system to account for the full
geometric convolution of responses such as those considered in Chapter 4.
3.

The results in the modeling section encourage future developmental research in refining
sensing plate shape and electronic control hardware to achieve a narrow or guard plate
configuration. Experimental work towards that end must be performed to determine the
applicability and feasibility of the narrow or guard plate in actual application.
Implementation of the narrow plate is relatively simple. Implementation of the guard
plate arrangement is more complicated since the excitation current must be split into two,
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one for the central segment and accurately measured, and the other for the guard sides.
The two parts must be isolated from each other with separate wiring. The present TIU
uses a simple bridge arrangement that would have to be replaced with a more
sophisticated independent current determination, so circuitry will need considerable
redesign and testing to achieve satisfactory performance.
4. The modeling findings also suggest that substantial improvement in sensitivity to inner
voids, and water presence may be obtained by modifying sensing circuitry to generate
excitation signals and process impedance measurements at elevated operating frequencies
(in the order of 500 MHz or higher). Present implementation uses off the shelf devices
capable of operation only into tens of MHz, so re-design will require selection of UHFrange signal generation and detection devices with less alternative choices. Furthermore,
given the TIU and associated wiring dimensions, some non-negligible degree of radio
emission may occur at those frequencies. That emission may complicate the impedance
measurement and interpretation of the meaning of its value so appropriate theoretical
investigation may be needed. Moreover, special shielding may be needed to comply with
limits established by regulatory communication agencies.
5. For ease of application and operator convenience, a next generation TIU should include
autonomous operation and wireless data transfer. Autonomous operation can be
performed by motorizing both rotation and translation along the tendon. The on-board
microcontroller can energize and switch the motors as needed, controlled by data from
the accelerometer and gyroscope. For wireless operation Bluetooth ® technology can be
readily implemented. Power demand is anticipated to be modest, so a compact onboard
Lithium battery should suffice. Wireless operation would require the use of a modest size
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leading or trailing capacitive ground substitute, for example in the form of a short (e.g, 10
to 30 cm long) lightweight metal sheet sleeve loosely fitted around the tendon. That
arrangement could be used also to facilitate wired operation.
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Appendix A: Test Tendons and Grout Parameters
A.1 Physical Configuration
Experiments were conducted with tendon segment specimens ranging from 89 mm to 114
mm nominal diameters (Figure A.1). The smaller diameter specimens (#1 A and #1B) with a ~5.6
mm HDPE thickness were a set of two replicates, each ~0.76 m long, that contained twelve
unstressed ASTM A416 ½-inch size (nominal 12.7 mm diameter), 7-wire steel strands lumped
away from the center with a 102 mm long central void with a volume of ~215 cm 3. One 114 mm
specimen (#2), with a ~7 mm HDPE thickness, was a ~0.76 m long laboratory sample that
contained nineteen ½-inch steel strands lumped away from the center with a 102 mm long void
similar to that in the smaller diameter tendons, with a volume of ~300 cm 3. The other 114 mm
diameter specimen (#3) was extracted from the John Ringling Causeway Bridge, that had
experienced strand corrosion incidents (Lau et al. 2013). The segment was 1.55 m long with
twenty-four ½-inch strands and a HDPE thickness of ~7 mm. The segment had no recognizable
native grout deficiencies, so a ~100 mm long grout void, centered ~ 300 mm from one end, was
chiseled in the lab. That void had a volume of ~80 cm3 reaching from the inner surface of the
duct to the strand envelope. It is noted that specimens #1A, #2 and #3 were featured in Chapter 3
supplemental experiments. Specimens #1A and #1B were featured in Chapter 4 experimental and
modeling work.
The voids in the laboratory tendons were created by placing a polystyrene foam insert of
the desired approximate dimensions in the mold before casting the grout. After curing, the foam
was dissolved by inserting a small amount of acetone via a small hole in the duct wall. The
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acetone then evaporated leaving a solid residue with volume ~1% of that of the initial insert, and
a full void of nearly the same size as the insert. The duct wall hole, re-sealable with a polymeric
plug, allowed for temporary insertion and removal of alternative void fillings that included
unhydrated grout and water (for the smaller diameter tendons), without substantially affecting
the condition of the rest of the tendon segment. For the field segment, the grout was first exposed
by cutting out a ~70 mm by ~100 mm rectangle of the duct, which was afterwards reattached at
the edges with an epoxy compound, leaving a smooth external surface over and around the void.
The approximately greatest depth of each void, h, is shown in the figure as well.
The laboratory specimens (#1A, #1B, and #2) were cast with EUCO Cable Grout PTX
with a water to grout ratio of 0.23, as recommended per manufacture’s specifications (EUCO
2017). Tests were conducted at curing ages ranging from ~5 months to ~2 years. The hydrated
grout had a density of ~2.0 g/cm3, and resistivity in the order of 100,000 ohm-cm at the age ~193
days of the imaging evaluations (Freij et al. 2019). Angular coordinates used are shown in Figure
A.1. For a point in the inner wall of the duct, the void spans an angular range of somewhat <
~180o for the laboratory tendons, and <~90o for the field tendon.
The preparation of custom simulated tendon test pieces allow for controlled removal and
repositioning of intentionally introduced defects (air, unhydrated grout, water), without
substantially affecting the condition of the rest of the tendon segment.
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Figure A.1 Schematic test specimen arrangements. #1A, #1B and #2 shared longitudinal
dimensions and central void position. Void height h was 30 mm, 35mm and ~13 mm for #1 A&B,
#2 and #3 respectively. Plate angle coordinate reference and orientation, illustrated for #2, was
common in all cases.
A.2 Determination Grout Electric Properties
A.2.1 Procedure
Portions of the grout batches that were used to make the tendon segment specimens #1 A
and #1B were cast into four small sealed test cylinders (Figure A.2). Stainless steel electric
contacts lightly penetrating the edge of the grout cylinder in a 4-point Wenner array
configuration (Morris and Sagüés 1996) served for assessment of grout electric properties at
various curing ages at room temperature (~20 oC). Measurements consisted regularly of nominal
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resistivity and occasionally electrochemical impedance spectroscopy (EIS). In the nominal
resistivity measurements, an alternating current I is impressed via the two external contacts, and
the resulting potential difference V is measured between the two internal contacts. For a purely
ohmic material both V and I can be written as real numbers and the material resistivity  (= 1/)
can be calculated by (Morris and Sagüés 1996)
ρ = (V/I) ∗ 2 ∗ π ∗ a ∗

Eq. (A1)

where k is a geometric shape correction factor to account for finite domain dimensions (Morris
and Sagüés 1996).
The nominal resistivity measurements were conducted with a Miller 400D soil resistance
meter, which operates with a square waveform at a base frequency of 97 Hz. As it is shown later
grout under those conditions deviates somewhat from ideal ohmic behavior, and instrumentally
the ratio V/I resembles that of their respective effective values. Therefore, the corresponding
value per Eq. A1 should be considered only as a nominal resistivity N. The result of the
measurement is still quite useful, as it provides an indication of the evolution of the material
during curing, and at which point the system is stable enough to conduct meaningful comparative
evaluations.
The EIS measurements were conducted with a Gamry Reference 600 system from f= 1
Hz to 1 MHz , with a 4-point electrode configuration as shown in Figure A.1The impedance was
measured under potentiostatic control with a 10 mV rms perturbation amplitude applied between
the outer two electrodes which results in the application of an oscillating current. The resulting
potential response is obtained between the inner two electrodes
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Figure A.2 Cylindrical mold used for grout electrical property determinations. =5.1
cm, L=10.2 cm, (internal dimensions), a=1.5 cm.

Figure A.3 Average (and range) of nominal resistivity N as function of age for
grout test cylinder specimens.
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Under those conditions the measuring system reports Z M(f) as the measured complex ratio V/I
for each test frequency. By analogy to Eq. A1, the volumetric impedance of the grout is then
obtained by
𝑍 =𝑍 ∗2∗𝜋∗𝑎∗

Eq. (A2)

Unlike descriptors of interfacial impedance, ZV has dimensions of ohm-cm and is an intensive
property numerically equal to the value of impedance that would be obtained if measuring the
impedance of a cube of the grout 1 cm on the side, with electrodes placed at opposite faces and
while maintaining an ideal one-dimensional current flow between the two electrodes.
A2.2 Results
Figure A.3 shows N measurements (average and range) as function of grout age on loglog scale. The trend shows an increase with age as expected from a progressively less
interconnected pore network, continuing over a period of years at a slower rate due to long term
cement hydration processes. Keeping in mind the log scaling, electrical behavior became
reasonably stable after ~100 days, beginning to approach the conditions that may be present
within tendons in actual structural service.
Figure A.4 illustrates in Nyquist diagram form the EIS behavior (as Z V) for one of the
specimens; the result is representative of tests conducted in peer specimens.
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Figure A.4 Nyquist diagram of ZV results, 5 points/frequency decade, for grout in test cylinder
specimen 1a. Age after casting: 193 days.

At the lower test frequencies and up to ~ 1kHz, ZV has only a small imaginary
component and thus nearly ohmic behavior. |ZV| for ~ 100 Hz had values in the order of the
average N value shown in Figure A.3 for the same test age, showing consistency of results for
both techniques in that regime. However, the impedance became distinctly more reactive when
evaluated at the higher test frequencies that are relevant to the imaging application, displaying a
characteristic semicircular loop indicative of a capacitive component. The semicircle was quite
depressed, evidencing appreciable frequency dispersion (Barsoukov and Macdonald. 2005). It is
noted that the depression is not due to uneven current distribution over an electrode interface,
because this 4-point test method avoids the presence of such interface. Grout casting in these
small specimens was homogeneous enough as not to expect other possible uneven current
distribution irregularities in the grout bulk.

Under those conditions, the impedance can be

approximated as being equivalent to that of a parallel circuit combination of a constant phase
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element (CPE) and a resistor R , with the CPE impedance given by (Orazem and Tribollet
(2008), Barsoukov and Macdonald (2005)):
Z

=

∗(

Eq. (A3)

)

where Y and n are respectively the base admittance and frequency dispersion CPE parameters.
It is noted that at the lower frequencies (e.g <~ 15 kHz) a region of constant imaginary
component behavior (Paz-Velásquez and Sagüés (2014); Lau and Sagüés (2011); Sagüés et al.
(2018); Alexander et al. (2019)) is observed as well, but that feature is of little importance to the
frequency range relevant to imaging data interpretation. Hence analysis by fitting to an
equivalent circuit was limited to data for frequencies >15 kHz. The resulting values of the
parameters Y , n and R are shown in Table A.1.
Table A.1 EIS analysis results for group of 4 grout test cylinders. (age 193 days).
Yo
(S-sec-n/cm)

Rp
(kΩ-cm)

n

Average

4.15E-10

84.2

0.723

Std. Dev.

1.32 E-10

4.29

0.023

For the model simulations the computational platform that was used necessitates the
materials dielectric constant and conductive properties to be entered in terms of an electric
relative permittivity ε

and an electric conductivity 𝜎 . Those parameters are related to the

equivalent circuit parameters for ZV by (Barsoukov and Macdonald. 2005):
ε

=

"
∗ ∗ ∗

Eq. (A4)
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σ =

Eq. (A5)

+ Y′

where (′) and (") denote real and imaginary components respectively.
From the average values in Table A1, values of 𝜀

and𝜎 were calculated per Eqs A4

and A5 for the default 1 MHz operating frequency and listed in Table 4.1.

Nominal

extrapolation using the same equations to the variation cases 10 MHz and 500 MHz were made
and listed as well. Extrapolation of CPE behavior to 10 MHz is supported by separate
exploratory evaluations of electric properties of various tendon grouts conducted with other
tendon segment specimens and with slices from cast grout cylinders. Those evaluations concur
with the results presented here in indicating values of n in the approximate range 0.67 to 0.85.
It is recognized that extrapolation to much higher frequencies (e.g. 500 MHz) is far
beyond the range explored by the EIS tests reported here and the other exploratory work, and
that at higher frequencies other phenomena, such as electromagnetic wave emission may need
consideration. However, comparison in the main body of the paper with independent
experimental data from another cementitious system (Soutsos et al. 2001) suggested that this
nominal extrapolation still produced plausible results.
A.3 Tendon #1A and #1B Evaluation of Repeatability of Impedance Measurements
For the two cast tendons that were created at the same time using the same procedures
show effectively highly similar results for impedance profiles using the impedance sensor. To
examine reproducibility and repeatability, measurements were done on the two tendons #1 A and
#1B at different days, 63 and 64 days from casting shown in Figure A.5 and A.6.
Figures A.5 and A.6 show the real and imaginary impedance versus angular position for
the sound and void region respectively, for the two tendons #1 A and #1B.
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Figure A.5 The complex components of impedance, real (left) imaginary (right), for tendons #1 A
and #1B are plotted as a function of angular position for a cross section containing Sound grout.
The top and bottom are repeat measurements taken at different days 63, and 64 respectively.

Figure A.6 The complex components of impedance, real (left) imaginary (right), for tendons #1 A
and #1B are plotted as a function of angular position for a cross section of the central Void. The
top and bottom are repeat measurements taken at different days, 63 and 64 respectively.
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Appendix B: Accounting for Effect of Magnetic Susceptibility of Grout on Strand Envelope
Determination

B.1 Modeling Model Configuration
The model calculations were made on a COMSOL Multiphysics® platform simulating
the system shown in Figure B.1. A simplified 2D-axisymmetric model was chosen to minimize
computation time. The model had a cylindrical magnet of diameter Dm = 1.9 cm and thickness
tm = 0.5 cm facing a large cylindrical grout domain of diameter Dg = 20 cm and a thickness of tg
= 10 cm. The distance between the center of the magnet and the face of the grout domain was d =
1.25 cm, representing the sum of the gap between the magnet face and the polymer duct (h ~0.3
cm) plus the polymer duct thickness Pt ~0.7 cm. The strand bundle was conceived as a palisade
of side-by-side strands, and further idealized as the face of a ferromagnetic disk of diameter Ds =
10 cm and thickness ts = 1.27 cm. The strand proxy, was centered within the grout cylinder, and
parallel to the magnet at a variable distance Z. The distance from the center of the magnet to the
edge of the strand proxy, Z, ranged from 0.75 cm to 5.25 cm. The minimum distance of 0.75 cm
represents the steel strand envelope just touching the inside of the polymer duct without grout inbetween. An air cylinder of diameter Da = 40 cm and thickness ts = 50 cm was added around the
assembly to represent a near-infinity magnetic boundary space as in an actual service application.
The model output was the force acting on the magnet as function of the distance Z and the
magnetic susceptibility (Xm) of the grout.
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Magnet

Magnet

Air
Air

Steel
Steel

Grout

Grout

Figure B.1 Model configuration showing the magnet, steel, and grout.

B.2 Magnetic Assessment of Representative Grout Materials
Some grout materials have considerable amounts of ferromagnetic materials that
substantially increase the magnetic permeability of the hydrated grout. Representative grout
samples were obtained from the FDOT State Materials Office in Gainesville, Florida. Samples
included 3 different types of MasterFlow (MF) grout, a Five Star (FS) grout, a Euclid Cable
Grout PTX (ECG) and finally a Target grout to asses them for the magnetic susceptibility if any.
All the grout samples were placed in a 4 inch long cylindrical mold similar to that in Figure A.2
with a 2 inch diameter. Grout samples 1-6 were in powder form, compacted in the cylindrical
mold, whereas samples 7-9 were actual hydrated grout samples with a water to grout ratio of
0.25.
If the grout exhibits considerable magnetic susceptibility (χ ), it will create a small but
noticeable increase in the force acting on the magnet. Thus, the strand envelope position will
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appear to be closer to the magnet than it actually is. The relative effect increases with the amount
of intervening grout and its magnetic susceptibility. This source of error has been known to
affect the readings of magnetic reinforcing bar locators (Andrade et al. 1992). Knowledge of the
extent of the effect and its dependence on geometric arrangement and grout magnetic
susceptibility may be used to develop a correction procedure for a more accurate determination
of the strand envelope.
According to the procedures of Moreno and Sagüés (2009), a magnet was placed on an
analytical balance, and different grout cylinders were placed on a custom made Plexiglas®
platform with a certain constant distance away from a magnet. The balance was used to measure
the force of attraction in grams between the magnet and the grout cylinders. The magnetic
susceptibility ranged from nearly negligible to χ = 0.018 in the case of Euco Cable Grout PTX
(Freij et al. 2019) which was the material used in some of the experiments. A range of magnetic
susceptibilities of χ = 0 to 0.024 were used in the finite element simulations, bracketing values
obtained experimentally for the materials used here. From the bulk magnetic susceptibility the
relative permeability of the grout (µgrout) was computed (Moreno and Sagüés 2009). Table B.1
shows the summary of the results measured for different grout samples.
Table B.1 Relative permeability for various grouts
Sample

Grout

1
2
3
4
5
6
7
8
9

MF 1205
MF 1206
MF 1341
FS 400
ECG
Target 1121
ECG 1
ECG 2
ECG 3

Reading 1 Reading 2
(grams)
(grams)
0.0015
0.0012
0.0016
0.0014
0.0009
0.0009
0.0657
0.0774
0.1014
0.0998
0.0081
0.0082
0.1671
0.1584
0.1565
0.165
0.1688
0.1566

Reading 3
(grams)
0.0016
0.0012
0.0009
0.0617
0.0983
0.0079
0.1676
0.168
0.1663

F1
F2
F3
(Newton) (Newton) (Newton)
1.47E-05 1.18E-05 1.57E-05
1.57E-05 1.37E-05 1.18E-05
8.83E-06 8.83E-06 8.83E-06
6.45E-04 7.59E-04 6.05E-04
9.95E-04 9.79E-04 9.64E-04
7.95E-05 8.04E-05 7.75E-05
1.64E-03 1.55E-03 1.64E-03
1.54E-03 1.62E-03 1.65E-03
1.66E-03 1.54E-03 1.63E-03

Xm1

Xm2

Xm3

Avg Xm

µgrout

0.000
0.000
0.000
0.007
0.011
0.001
0.018
0.017
0.019

0.000
0.000
0.000
0.009
0.011
0.001
0.017
0.018
0.017

0.000
0.000
0.000
0.007
0.011
0.001
0.018
0.019
0.018

0.000
0.000
0.000
0.008
0.011
0.001
0.018
0.018
0.018

1.000
1.000
1.000
1.008
1.011
1.001
1.018
1.018
1.018

The objective of this section is to quantify the extent of that effect and to provide a
correcting formula to be used in cases in which the effect is strong enough to merit addressing it.
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B.3 Output and Correction
The model output was the force acting on the magnet 𝐹χ𝑚 as a function of the distance Z
and the χ

of the grout. The results obtained from the model were then analyzed and shown in

Table B2
Table B.2 Values of attractive forces 𝐹χ𝑚 and corrected forces F
for grouts with various
magnetic susceptibilities.
µ grout
1
1.003
1.006
1.012
1.018
1.024
Attractive forces
𝐹
/
N
𝐹
/
N
𝐹χ𝑚 / N
𝐹χ𝑚 / N
𝐹χ𝑚 / N
𝐹χ𝑚 / N
χ𝑚
χ𝑚
Z / cm
0.75
1.5
2.25
3
3.75
4.5
5.25
∆F / N
Z / cm
0.75
1.5
2.25
3
3.75
4.5
5.25

3.191
0.386
0.087
0.027
0.010
0.004
0.002
0
F

/N
3.191
0.386
0.087
0.027
0.010
0.004
0.002

3.191
0.391
0.092
0.032
0.015
0.009
0.007
0.0047

3.191
3.191
0.395
0.405
0.097
0.106
0.037
0.046
0.020
0.029
0.014
0.023
0.012
0.021
0.0094
0.0188
Corrected forces
F
/N F
/N F /N
3.186
3.181
3.172
0.386
0.386
0.386
0.087
0.087
0.087
0.027
0.027
0.027
0.010
0.010
0.010
0.004
0.004
0.004
0.002
0.002
0.002

3.191
0.414
0.116
0.056
0.039
0.033
0.030
0.0283
F

/N
3.162
0.386
0.087
0.027
0.010
0.005
0.002

3.191
0.423
0.125
0.065
0.048
0.042
0.040
0.0377
F

/N
3.153
0.385
0.087
0.027
0.010
0.005
0.002

The top part of Table B.2 shows the 𝐹χ𝑚 values calculated from the model for grouts
with various permeabilities (µgrout). Figure B.2 shows 𝐹χ𝑚 plotted versus the distance Z.
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Figure B.2 Model calculated force 𝐹χ𝑚 acting on the magnet as function of distance Z, for
various values of µgrout = 1+ χ . Force values for grout with the highest value (µgrout= 1.024)
were corrected using Eq. B1 and plotted per label “1.024 cor”, showing very close fit to the force
values for µgrout =1 (that is, F
). Comparable good fit was obtained after correction for the
cases with lower χ .
Calling F
0, and F

the value of the force that would have been measured if the grout had χ =

the value of the force that would have been measured if the grout had χ = 0 and at a

reference distance Z=0.75 cm, regression analysis of the results showed that for a given value of
χ , the difference ΔF = 𝐹χ𝑚 - F

was nearly independent of Z and directly proportional to χ

as in :
ΔF = 0.492 ∗ F

∗ χ

(Eq. B1)
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Eq. (B1) can then be used to convert by subtraction the value of magnet force 𝐹χ𝑚 obtained with
magnetic grout to the value F

that would have been observed otherwise by
F

= 𝐹χ𝑚 - 0.492 ∗ F

∗ χ

(Eq. B2)

The corrected forces using this flat subtraction are shown at the bottom of Table B.2. Not
all the corrected forces for the different permeabilities were plotted; for clarity only the grout
with the highest magnetic permeability, 1.024, was corrected and plotted in Figure B.2, presented
as the series “1.024 cor”.
The value F

is functionally equivalent to Fa in equation 3.6 in Chapter 3, and it can be

used as such. The product 0.492 ∗ F

can be viewed as a calibration constant that can be

determined empirically for other cases of interest, to be applied as needed to specific TIU
configurations in future development.
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B.4 FEM Mesh Sensitivity
The FEM mesh configuration chosen for regular model execution was tetrahedral
elements with minimum and maximum element size 0.075cm (near the plate and fine features in
the polymer cover and strand bundle) and 1.75cm (outer air space) respectively.
Model stability in the form of output sensitivity to FEM mesh size was evaluated using
the configuration presented in Figure 4.9-A and the base case parameters. Two additional tests
were conducted with a minimum and maximum size of 0.01 cm and 1 cm respectively for one
mesh choice, and 0.2 cm and 2.75 cm respectively for the other. Those tests straddled the regular
size choice. Figure B.3 (a) shows the resulting |Z| angular profile for these three cases, showing
close similarity of outcome. Figure B.3 (b) shows the corresponding Z R values, suggesting little
sensitivity of the main performance rubric to element size value around the default choice. These
results were deemed to be supportive of the latter.

Figure B.3 Effect of mesh element size on model output for the full void crosssection case (Figure 4.9-A) at 1 MHz. (a) Modulus of impedance vs angular
position. (b) Figure of merit ZR vs minimum element size.
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Appendix C: Validation Test Comparing Results of Tendon Imaging Unit and Gamma Ray
Tomography
C.1 Approach
For further evaluation of the TIU method and assessment of its performance, an
additional independent study was executed. The ability of the TIU to adequately determine
deficiencies and their location was tested by validation comparison with the results of the
independent tests on the same set of specimens using a well-established NDT technique, GRT
imaging. For these tests a developmental Mark II Tendon Imaging Unit (TIU-II) was used
(Dukeman et al. 2019) (Figure C.1, C.2) that contained the same impedance plate and magnet of
the TIU used in Chapter 5. The arrangement of the parts was slightly different from those in the
other TIU, but the key operating settings were the same so operationally both units were
equivalent.

Figure C.1 TIU-II with clamshell open to show internal components. There was some differences
in arrangement, but main key parameters are the same between this TIU and the one used in
Chapter 5.
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Figure C.2 Top view of the TIU-II.
C.2 Experimental Methodology
C.2.1 Coloring Scheme
As mentioned in Chapter 5 where an alternative coloring scheme was used, here the
Discrete coloring scheme was used as illustrated in Figure C.3. The outer black ring is scaled to
correspond to the actual dimensions of the polymer duct. At each rotation angle R The length
from the center of the section to the inner duct diameter at each angle of the rotation pattern is
divided into three regions. Region A, color-filled green, corresponds to the strand bundle, and the
radial length of A (rA). Region B (white) represents sound grout, while region C represents a
void. The radial length of segment B plus C is equal to the inner duct radius, R 0 minus rA. The
partition between the lengths of B and C is allotted by
C/(B+C) = [(Z(R)- ZL) / (ZH-ZL)]m

Eq. (C.1)
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with the void zone always assigned by convention to the side closest to the duct. For purposes of
image smoothing, before application of Eq. C.1, the value of Z is set to Z L if 0.95 <Z/ZL<1.15.
The fractional exponent m=0.75 was inserted to achieve greater graphic emphasis of the
irregularity manifestation as the capacitive plate transitions between, for example, from being
over a well-defined void to a sound grout region. Given the large angular span of the plate (~ 60
degrees) the transition boundary becomes blurred, in a manner comparable to that of a
convolution of a step function with a boxcar kernel (McGillem 1974; Dukeman 2019). Elevation
to a fractional exponent creates a form of crude deconvolution for visual representation. A value
of m=0.75 was chosen for the present implementation of the sensor. It is noted that this display
choice is a semiquantitative adjustment subject to update in future development, and application
to archived raw data.
To obtain a color coded overall pattern Eq.C.1 is used to obtain the radius values at the
boundary of each region and color fill assigned per the provisions of the MATLAB ® platform.
Nominal floor and ceiling levels of 1 cm and R0 respectively were set for the strand bundle
envelope radial dimensions in case calibration variability or measurement noise created visually
unrealistic local patterns.
If the value of Z at a given rotation angle is <0.95 ZL, the region C is color coded blue
designating a high water density region (either a water filled void or region with chalky grout),
with partition assigned per Eq (6.1) but with ZL and 0.8 ZL substituting for ZH and ZL
respectively. For those situations the value of Z is set to 0.8*Z L if Z<0.8*ZL before application of
Eq. 6.1. This display mode should be considered as an experimental feature as the differentiation
between normal grout and high water content grout spans a small impedance range at the 1 MHz
range used.
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Figure C.3 Example of cross-section image representation.
C.2.2 Test Specimens
The tendon segments used had cross-section dimensions representative of those
encountered in the field, with a 4.5 inch external diameter and 19 ½-inch 7 wire strands
embedded in grout. The duct wall thickness in all cases was 7 mm. The segments were ~23
inches long with various steel strand and grout configurations. The detailed location of grout and
steel strand assembly of each tendon segment (“Duct”) are shown in Figure C.4. The voids were
created by embedding Styrofoam forms of the desired size and shape, filling the space to create
the void. The foam was left in place except for the voids designed to be filled with water. For
those locations the foam was first dissolved by injecting acetone in the space, which melted the
foam and reduced its volume by > 95%, as determined by external tests in known volume
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containers. The solvent was then allowed to evaporate before resealing the solvent insertion hole.
The grout used in these ducts was “EUCO Cable Grout PTX High Performance Cable Grout”.
Unless otherwise specified, the grout is cast in the “sound” (regular) grout manner, with a waterto-grout ratio of 0.25. All tests were performed in the lab after the grout had cured inside the
sealed ducts at ambient temperature for a period of 105 days. For water-filled voids the water
was injected in the void opening and allowed to sit in place for 2-4 minutes before scanning the
place with the TIU-II. The water was removed afterwards before shipping the ducts to the GRT
laboratory. The GRT tests were conducted approximately 135 days after casting.
Duct A has a half moon steel arrangement (Figure C.5) meaning the strands are bundled
to one side of the tendon segment and has four different grout conditions (Figure C.5).
Measurements were performed on five different locations longitudinally named P1-P5 (Figure
C.6).
Duct B has a uniform steel strand arrangement (Figure C.4) with two different air voids
and two different water to grout ratios. The top grout is a “soft” grout with water-to-grout ratio of
0.375 (50% more water than the sound grout), and the bottom is “sound” grout. Measurements
were performed on four different locations longitudinally named P1-P4 (Figure C.6).
Ducts C and D have an asymmetrical steel strand assembly (Figure C.5) with only one
difference. Duct C has external voids, whereas Duct D has three internal voids (Figure C.4).
Measurements were performed on five different locations longitudinally for each duct named P1P5 (Figure C.6).
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Figure C.4 Approximate configuration for 4.5 nominal inch diameter Ducts A-D.
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D

Figure C.5 Cross-section of steel strand assemble for each Duct A-D cast.

Figure C.6 Side view of ducts A-D showing the locations of P1-P5 (different grout
configurations). Arrows are keyed to positions shown in Figure C.4.
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C.3 GRT/TIU-II Results Comparison and Discussion
The company THASA S.A. was subcontracted to conduct the GRT tests. Detailed
description of the methodology and test results is presented in Appendix C, that includes the
main set of results and an addendum with further information. Reference is made to that material
with some summary observations made below.
Pictorial excerpts of corresponding images obtained with the TIU-II and the GRT
reconstruction of the same selected cross-sections are shown side by side in Figure C.29. This
figure, with minor modifications, is equivalent to that shown in the Addendum in Appendix C.
The red arrows indicate the same angular positions as the 0 (deg) in Figures C.7-C.29, with the
figures rotated accordingly to match the orientation of the design drawings and GRT results.
Row “A” corresponds to section P3 (air void) imaged in Figure C.9 of Duct A. For this
duct the GRT system was able to identify positions of individual strands, which agree quite
closely with the design drawing and the strand envelope section reported by the TIU-II. The
GRT also identified an entire portion of the cross-section with very low (0.2 g/cm 3) density, in
agreement with the presence of the Styrofoam-filled void at that location, and consistent as well
with the void flagging provided for the same region by the TIU-II. The rest of the cross-section
was associated with normal grout by the GRT (indicating a density of 1.8 g/cm 3, consistent with
that of sound grout) and by the TIU-II, both with corresponding white color coding.
Row “B” corresponds to section P4 imaged in Figure C.16 for Duct B. In this and the
other ducts C and D, GRT identified only the outline of the strand bundle. Otherwise GRT
correctly identified a near-zero density region for the narrow void present there, and sound grout
elsewhere. TIU-II identified the same strand and grout regions as well, with clear but somewhat
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reduced flagging of the narrow void region. Neither GRT nor TIU-II provided clear
differentiation between soft (higher water-to-grout ratio) and normal grout
Row “C Top” pertains to sections P1 for Duct C. The larger of the two voids there is
filled with unhydrated grout, while the smaller void contains only Styrofoam. GRT identified an
irregular strand pattern and provided clear differentiation between both voids, and in the
expected direction (density near 1 g/cm3 in the unhydrated case, consistent with direct
measurements of volume- averaged unhydrated grout density of ~1.08 g/cm 3. TIU-II (from
Figure C.17) revealed the main features of the irregular strand pattern, consistent with the GRT
indications. TIU-II also identified the presence of both voids but did not provide clear
differentiation, other than indicating lesser signals than in the case of full voids.
Row “C bottom” pertains to section P5 for Duct C. The void is full of water and a ½ inch
diameter steel bolt is present as well. GRT identified the presence of the bolt, and correctly
identified as well a region the size of the larger void, as being filled with a medium of density ~1
g/cm3 - thus consistent with the presence of water. The presence of the smaller void where the
bolt was located was not clearly flagged, however. The TIU-II (from Figure C.22) showed a
fuller strand profile than in P1, consistent with a source of additional magnetic attraction in the
region where the bolt had been placed. However, the TIU-II showed only a weak indication of
the presence of the water, best seen in the higher magnification display in Figure C.22. The water
acted as a medium of low impedance, but of little contrast with the similarly low impedance
grout on the rest of the cross-section, thus not clearly flagging an abnormality in that region. It is
noted that the TIU-II did clearly sense the filling of the void with water: Figure C.12 shows the
image before water filling with the full void conspicuously flagged, that no longer being the case
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in Figure C.21 after filling; the limitation is the low differentiation between sound grout and
water.
Row “D” concerns the central void in section P3 of Duct D. This region contained an
irregular strand pattern with a large void on one side and an inner void elsewhere. GRT provided
relatively low resolution imaging of the strand bundle, and identified correctly the large void.
However, no clear flagging of the small void was produced. The TIU-II provided a more
resolved image of the strand pattern than the GRT, identified the presence of the large void, but
did not flag the presence of the smaller inner void.
The above comparison and rest of the information obtained with both imaging techniques
provide a significant extent of validation of the TIU-II instrument application, and by extension
of the relevance of the combined use of strand position and impedance measurements for
detection of grouting deficiencies. While TIU cannot match the single-strand resolution to which
GRT is capable with dedicated processing, TIU provided viable and reliable strand envelope
information, usually comparable to that provided by GRT in its normal resolution. Concerning
grout deficiencies, the TIU method in its present form is best at detecting voids that extend to the
inner surface of the polymeric duct. For that application it has shown, at a much lower cost and
simplicity, results comparable to those obtained via GRT. TIU could detect the presence of
unhydrated grout fill in an otherwise full void, as did GRT. However, TIU provided only a
limited indication of irregularity in a water filled void, while GRT indicated the presence of a fill
with the density of water. GRT nevertheless is sensitive only to mass density so it could not
discern between water and unhydrated grout, both of which have densities near 1 g/cm 3. It is
noted also that the TIU method provides nearly instantaneous imaging with minimum operator
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requirements, while GRT in its present form of a custom service requires multiple exposures
(some as long as 18 seconds) and customized post-processing by a specialist.
Concerning the use of GRT as a calibration means for TIU field operations, joint
deployment for that purpose may be an attractive option under some circumstances. A likely
scenario would be application in case of a large bridge with a large number of replicate external
tendons (e.g., hundreds or even thousands), where there could be known instances of deficient
grout tendons. Those instances could serve as a one or more calibration points for the TIU
system at the start of a bridge-wide survey, providing high value information with the cost of
short-time GRT application distributed as a small overburden over a large number of tests. It is
noted that in a FDOT project BDV25-977-52, Field Demonstration of Tendon Imaging Methods,
a calibration procedure has been incorporated in the field unit operation to take advantage of
knowledge of the presence of known deficiencies (or of known sound grout condition) at specific
tendon places, so as to use the impedance signature at those locations to set the limits for color
flagging of voids or other deficiencies.
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The cross-sectional images for Ducts A-D are shown below at the locations described
earlier P1-P5. These measurements were taken by the TIU-II. In each image the display has been
oriented so that the 0 (deg) matches the arrow positions in Figure C.4.


Duct A:

Figure C.7 Cross-sectional image of P1-Unhydrated Grout in Duct A.

Figure C.8 Cross-sectional image of P2-Sound Grout in Duct A
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Figure C.9 Cross-sectional image of P3-Air Void in Duct A.

Figure C.10 Cross-sectional image of P4-Sound Grout in Duct A.

Figure C.11 Cross-sectional image of P5-Air Void (before adding water) in Duct A.
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Figure C.12 Cross-sectional image of P5-Water Void (after adding water) in Duct A. The crosssectional images of P5 (and P4 in Duct B) are flipped across the horizontal axis since the Mark II
had to be inverted to perform the measurements at these locations since the capacitor plate is at
the top of machine.



Duct B:

Figure C.13 Cross-sectional image of P1-Air Void in Duct B.
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Figure C.14 Cross-sectional image of P2-Soft Grout in Duct B.

Figure C.15 Cross-sectional image of P3-Sound Grout in Duct B.

Figure C.16 Cross-sectional image of P4-Air Void in Duct B.
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Duct C:

Figure C.17 Cross-sectional image of P1-Unhydrated Grout in Duct C.

Figure C.18 Cross-sectional image of P2-Sound Grout in Duct C.

Figure C.19 Cross-sectional image of P3-Air Void in Duct C.
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Figure C.20 Cross-sectional image of P4-Sound Grout in Duct C.

Figure C.21 Cross-sectional image of P5-Air Void (before adding water) in Duct C. The TIU
captures the 3” long ½” bolt.

Figure C.22 Cross-sectional image of P5-Water Void (after adding water) in Duct C. The TIU
capture the 3” long ½” bolt.
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Duct D:

Figure C.23 Cross-sectional image of P1-Unhydrated Grout in Duct D. The TIU does not capture
the internal void.

Figure C.24 Cross-sectional image of P2-Sound Grout in Duct D.

Figure C.25 Cross-sectional image of P3-Air Void in Duct D.
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Figure C.26 Cross-sectional image of P4-Sound Grout in Duct D.

Figure C.27 Cross-sectional image of P5-Air Void (before adding water) in Duct D.

Figure C.28 Cross-sectional image of P5-Air Void (after adding water) in Duct D.
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Figure C.29 Comparison of selected cross-sections per design (left) obtained with
the TIU-II (center) and GRT (right). Arrows indicate orientation per 0 (deg) in
Figures C.7-C.28. Adapted from Freij et al. (2019).
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C.4 Summary
At its current state the IFU and TIU-II can scan a cross-section of tendon and output
strings of data containing real time angular position data, magnetic data, and impedance data.
After all the data is collected, the data can then be processed by a code written in a MATLAB ®
file and an image is produced. This cross-sectional image is color coded to show the duct
material (black), strand bundle (green), and any voids found (red).
The IFU and TIU-II combines the magnetic strand imaging module and the impedance
grout deficiency imaging module, both controlled by one microcontroller and contained in a
clam-shell frame.
A majority the IFU is assembled with ready-made circuit boards and sensors that can be
purchased and replaced easily. The clam-shell frame and other circuit board holders can be 3D
printed and adapted to work with a variety of components and configurations. Overall the IFU
and TIU-II are compact, cost effective, and non-destructive way of determining possible grout
deficiencies.
Tendon cross-section imagen information obtained with the tendon imaging unit (TIU)
and gamma ray tomography (GRT) provided a significant extent of validation of the TIU
instrument application, and by extension of the relevance of the combined use of strand position
and impedance measurements for detection of grouting deficiencies. While TIU cannot match
the single-strand resolution to which GRT is capable with dedicated processing, TIU provided
viable and reliable strand envelope information, usually comparable to that provided by GRT in
its normal resolution.
The TIU method in its present form is best at detecting voids that extend to the inner
surface of the polymeric duct, providing comparable results to those of GRT. Sensitivity was
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more limited for smaller voids or voids filled with unhydrated grout. Neither TIU nor GRT
adequately sensed a small inner void. TIU provided only a limited indication of irregularity in a
water filled void, while GRT indicated the presence of a fill with the density of water. GRT
nevertheless is sensitive only to mass density so it could not discern between water and
unhydrated grout, both of which have densities near 1 g/cm3.
The TIU method provides nearly instantaneous imaging with minimum operator
requirements, while GRT in its present form of a custom service requires multiple exposures and
customized post-processing by a specialist. GRT calibration of a TIU may be desirable in cases
that include large tendon inventories.
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Appendix D: Copyright Permissions

The permission below is for the use of Figure C.29 presented in Appendix C.
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